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A STUDY OF THE POLE EFFECT IN THE IRON ARC 
By CHARLES E. ST. JOHN anp HAROLD D. BABCOCK 


I. INTRODUCTION 


In the investigations made at this observatory upon the deter- 
minations of standards of wave-length and upon the relation 
between laboratory and solar spectra, it was early found that a 
detailed study of the iron spectrum would be required as a pre- 
liminary to further definite progress." 

The measurements by different observers of the wave-lengths 
of the iron lines that serve as standards in the international system 
show discrepancies which far exceed the limit of precision attainable 
with a grating spectrograph of high dispersion, and the interpreta- 
tions of sun-arc displacements may be illusory and lead to diverse 
conclusions, if the presence and influence of lines of certain types 
are unrecognized. The divergent results were found to depend 
upon conditions in the arc, its length, the current-density, and the 
portion of the arc from which the light is taken, and to inhere in 
those types of lines that show more or less dissymmetry under 
varying pressure and line intensity and that appeared to have large 
or abnormal pressure displacements.” 

The purposes in view in undertaking the investigation of these 
sensitive and unstable lines were: (1) to determine whether the 
variations in wave-length observed with different arc conditions 
are real or fictitious, that is, whether there are actual displacements 
of the maxima of the lines; (2) to determine whether there are 
general pressure differences in the arc sufficient to account for the 
displacements; (3) to examine some other conditions in the arc 

1 Contributions from the Mount Wilson Solar Observatory, No. 75; Astrophysical 
Journal, 39, 9-14, 1914. 

2 Mt. Wilson Contr., No. 61, pp. 2-5; Astrophysical Journal, 36, 15-18, 1912; 
Mt. Wilson Contr., No. 75, pp. 5-8; Astrophysical Journal, 39, 9-12, 1914; Mt. 
Wilson Contr., No. 93, pp- 33-36; Astrophysical Journal, 41, 61-64, 1915; Goos, 
Astrophysical Journal, 38, 141, 1913. 
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which may be effective; (4) to investigate a wide range of the spec- 
trum for the identification and distribution of the questionable 
lines, which must necessarily play an important réle in several 
fields of investigation; (5) to indicate working conditions which 
should be observed when lines of this character are to be used as 
standards of reference. 


II. METHODS AND APPARATUS 


Our method has involved an accurate comparison of the spec- 
trum from near the poles with that from the center of the arc. In 
the effort to carry such a comparison of wave-length to the third 
decimal place, difficulty was encountered in obtaining plates free 
from line displacements of small but determinable amounts due 
to instrumental causes or observing conditions. When the problem 
is such that crucial tests can be applied to the results, the difficulties 
involved in obtaining comparison spectra of consistent reliability 
are quite impressive. These were in the end eliminated by making 
the exposures rigorously simultaneous. 

A greatly enlarged image of the arc was thrown upon the slit of a 
plane-grating Littrow spectrograph of 30 feet focus by means of an 
achromatic lens and a large totally reflecting prism above the slit. 
Plate Ia shows an image of the arc as it actually appeared upon 
the slit. The light from the central portion passed directly to the 
slit, at A, Plate Ib, while a system of two small totally reflecting 
prisms, B and C, permitted light to be taken from any desired point 
on the axis of the arc. The spectrum of the light from this selected 
portion of the arc fell between the two narrow spectra of the 
equatorial section. For measurements of high precision, it is of 
great advantage to have the lines of the two spectra of nearly the 
same intensity, and this is particularly important when the lines 
have a tendency to broaden unsymmetrically. The relative expo- 
sure times were controlled by a rotating sector of variable opening 
placed above the first prism in the path of the light coming from near 
the pole of the arc, as shown in Plate Id. The exposures began 
and ended at the same instant, one being continuous and the other 
rapidly intermittent. In this manner any effect due to slow changes 
of temperature, to flexures of apparatus, or to vibrations reaching 
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the instrument through the ground was effectively eliminated; 
no part of the instrument was touched during the exposures, so that 
no effects due to mechanical displacements were introduced. Great 
care was used to secure complete illumination of the grating from 
each light-source. A similar arrangement was used in comparing 
arcs with different current-densities and it is applicable to all com- 
parisons where the highest precision is sought. It will be added 
to the reconstructed 60-foot tower telescope equipment for sun-arc 
comparisons. 

Before the sector was employed the exposures were made of 
unequal length in order to equalize the intensities. They were 
simultaneous during the period covered by the shorter; but, 
though the apparatus is very stable, was not touched during the 
exposures, and has its optical parts in an underground chamber at 
practically constant temperature, there were minute displacements, 
positive on some plates and negative on others, differing even for 
successive exposures on the same plate. It is not a sufficient 
precaution to divide an exposure of a comparison spectrum with 
the thought of detecting an instrumental displacement when the 
quantities involved are of the order of a thousandth of an angstrom. 

The Pfund' form of arc, 6mm long, carrying a current of 6 
amperes, has been found to be a very stable and reliable source. 
In obtaining standards of reference the slit of the spectrograph was 
placed normal to the axis and in the central plane of the enlarged 
image of the arc. Except where otherwise noted the Pfund arc 
has been thus employed for all wave-length comparisons given in 
this paper. 

Some plates in the ultra-violet were taken with a 5-inch concave 
grating of 15 feet radius. On account of astigmatism the arrange- 
ment of prisms and sector described above could not be employed. 
The exposures were therefore not simultaneous, and the use of a 
shutter in front of the plate became necessary. Under these con- 
ditions minute displacements due to instrumental causes appeared 
upon the plates, for the correction of which a series of overlapping 
exposures was made to connect these photographs with those 
obtained by means of the plane grating. 

t Astrophysical Journal, 27, 296, 1908. 
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In a valuable paper Eder and Valenta’ call attention to the pre- 
cautions necessary to obtain reliable photographs of spectra. The 
care that we have given to this question may be seen from the fol- 
lowing details. The 4-inch plane grating (ruled surface 63 X72 mm, 
42,386 lines) used in the Littrow spectrograph of 30 feet focus was 
ruled by Anderson on the reconstructed Rowland machine. It has 
been shown to yield over go per cent of its theoretical resolving 
power in the second order, and is particularly well suited to the 
purposes of this investigation, as it produces bright line spectra 
of a high degree of perfection. In the second order, which was used 
for this work, the diffraction pattern is distinct and symmetrical 
on the two sides of a good line, and when the spectrum is observed 
visually the diffraction fringes of the lines of pressure groups a and 6 
remain sharp and distinct even near the poles of the arc. The focus 
for any particular region is read from an experimentally derived 
curve which is accurate to o. 5mm; the focal length of the instrument 
isg.16m. The slit-widths were always very nearly four times the 
Rayleigh normal, and give 80 per cent of the resolving power avail- 
able with an indefinitely narrow slit and 77 per cent of the intensity 
given by a very wide one, thus making an excellent compromise 
between opposing conditions. Tests were made to detect a possible 
variation of the gradation-curves of the lines with the slit-width, 
but no effect was found for the widths employed. Great care was 
taken to avoid overexposing the spectrum lines. For the micro- 
photometric measurements with the Hartmann and Koch instru- 
ments no lines were used whose maximum blackness was such as 
to lie in the region of overexposure, as defined by the characteristic 
curve for the plate. On the plates used for filar micrometer 
measurements the exposures were timed to equalize the widths and 
intensities at pole and center. If the strongest lines were possibly 
overexposed, the weakest lines on the same plate were underexposed, 
but among the lines of intermediate strength some must have had 
correct exposures. Lines of all ranges of intensity, however, showed 
the effect. 

For obtaining an independent check upon the magnitude of 
the pressure-effect some photographs were made by means of an 

* Astrophysical Journal, 19, 251, 1904. 
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interferometer of the Fabry and Perot type, recently constructed 
in our instrument shop. The plates, by Hilger, are of fused quartz, 
40mm in diameter and 5mm thick. Their surfaces are of the 
highest quality and in perférmance they equal our glass plates 
furnished by Jobin. We have coated them with silver by the 
method of cathodic sputtering in vacuo, obtaining perfect uniformity 
in the films and a reflecting power so high that more than 60 images 
of the sun can be counted through them. The étalon used is made 
of invar and has a thickness of 1omm. The rings are projected 
by means of an achromatic objective of 41 cm equivalent focal 
length upon the slit of a 13-foot Littrow spectrograph. The 
auxiliary dispersion is produced by a 4-inch plane grating having a 
remarkably bright first-order spectrum. 


It. THE REALITY OF THE DISPLACEMENTS 


As the lines exhibiting these variations in wave-length show 
more or less dissymmetry under pressure and are greatly widened 
at the pole, it has been thought by some that the displacements 
in question are only apparent and arise from the difficulties inherent 
in the measurement of lines of this character, and by others that 
they are due to increase of pressure or of vapor-density in the arc. 
The point is not only of theoretical interest because theories of the 
production of spectrum lines must be founded upon detailed study 
of the conditions of emission, but it is also of importance in view 
of the possible employment of these lines in solar and stellar 
investigations, for which their peculiar characteristics promise to 
be of value, provided their properties can be well established and 
the conditions determined under which they may be used. 

To eliminate as far as possible the disturbing effects due to 
dissymmetry, we have made the net exposure times such as to give 
practically equal intensities to the lines from the two parts of the 
source. The lines AA 5424 and 6400 observed in this way are 
shown in Plate Ila, with a twenty-eight-fold enlargement. These 
are typical lines, showing displacements toward the violet and 
red, respectively. In order to make the shifts still more apparent 
in the reproduction, fine artificial lines have been ruled through 
the centers of the comparison spectra. For an extreme case, the 
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relative exposures were such that the intensity and width of the 
lines in the spectrum from near the negative pole were less than 
for the same lines in the spectrum of the central section of the arc. 
In this case, lines that widen unsymmetrically to the red would not 
show at the pole a displacement toward greater wave-lengths 
having its origin in this quality 


ean: of dissymmetry. An _ illustra- 
\ tion is shown in Fig. 1, which is 

| a diagram to scale from measure- 

4 ments of 6400 taken under 
Center of these conditions. It is evident 

~ Arle that if the width of the line, as 
01807. enh tege observed near the pole, were in- 

| creased by a longer exposure to 

equal that of the same line in 

me the spectrum of the central sec- 

| tion of the arc, the line would 

Violet ee Red still show a distinct displace- 
ae ment to the red. When such 


J lines are of moderate intensity 

| upon the photographic plate, an 
experienced observer can make 
| 


0180 Aga micrometer settings upon their 

| maxima with surprising consist- 
Center of ency. 

Asie Dissymmetry is not evident 

in the case of every line that 

{ gives a displacement to the red 


Fic. 1.—Persistence of displacement ab uthes pole On tae anc edsi ie 
when width at pole is less than at center. Pared with its position at the 
center. For example, \ 5339 is 

apparently as good a line as \5341, though the first belongs to 
group d and the second to group a. On one plate, for illustration, 
the widths of the line at the center and negative pole are 0. 106 and 
0.108 A, respectively, and the measured shift of the latteriso.or5 A 
to the red, which cannot be accounted for on the ground of un- 
symmetrical widening when the increase in width is only 0.002 A. 
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PLATE II 


Violet Red 


— Pole 


a 6400 


a. Displacements at pole toward violet for \ 5424, toward 
red for 6400. Artificial lines ruled through centers of com- 
parison spectra. IJnlarged 28 times. 


b. Iodine absorption line superposed upon iron line 45424, 
showing displacement of the latter at the negative pole. Center 
Enlarged 6.7 times. 
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In such cases the personal equation of the observer is involved, 
and one may question more or less the possibility of measuring 
lines of this character to the degree of precision suggested. In 
order to eliminate the persorfal element, measurements have been 
carried out with the Hartmann and Koch microphotometers. 
Fiducial lines were drawn upon the plate, generally one on each 
side and as nearly parallel as possible to the spectrum line under 
investigation. With the Hartmann microphotometer settings 
were made by 0.02 mm steps from one fiducial line to the other, 
across them and the spectrum lines along each of the three divisions 
of the spectrum. The density-curves were plotted to scale and the 
positions of the maxima determined relatively to the fiducial lines. 
Some lines of groups a, d, and e were measured in this manner, 
and in all cases the measurements showed displacements of the 
maxima of the d and e lines to the red and violet, respectively. 
Curves determined by the Hartmann microphotometer are shown 
in Fig. 2 for lines of groups 0 and d, and in Fig. 3 for lines of groups 
a and e. The results have been confirmed by the photographic 
records made with the Koch form of microphotometer. Both 
instruments show that the displacements of the maxima are un- 
questionable and yield values of the same order as those fonud by 
the usual method, but the dissymmetry is much less striking in 
the graphs than was expected from the visual examination of the 
lines. It would seem that the eye is very sensitive to contrast 
and overestimates the degree of asymmetry. 

An entirely independent test for the reality of the displace- 
ments was made by superposing upon the spectrum of the iron arc 
the absorption spectrum of iodine vapor under low pressure. For 
this purpose the slit was placed parallel to the axis of the arc, the 
prisms and sector being removed, and a spherical glass bulb con- 
taining the iodine was inserted in the path of the light from the arc. 
A number of the iron lines in the green are found to have iodine 
lines superimposed more or less centrally upon them. Plate Id, 
illustrating this, shows the line \ 5424 enlarged 6.7 fold, the upper 
end corresponding to the negative pole of the arc, the lower end toa 
point near the center. On the original plate three iodine absorp- 
tion lines can be distinguished, one of which is seen in the reproduc- 
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tion to lie clearly upon the iron line. At the center of the arc it is 
obviously well to the violet side of the maximum of the line, while 
at the pole it is plainly upon the red side. Although the other two 
iodine lines fall upon the violet wing of the strongest part of the 
line, cutting it off sharply and greatly reducing the width of this 


> 


6393 group b 6400 group d 


Fic. 2.—Microphotometer curves showing displacement at pole for 6400 
group d, but not for \ 6393, group b. 


portion, the shift of the maximum of the iron line between pole 

and center is clearly apparent. It appears to us that the only 

possible interpretation of this observation is that the wave-length 

corresponding to the maximum intensity of the iron line is 

less at the pole than at the center of the arc. On the original 
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negative a smaller shift in the same direction is shown at the 
positive pole. 

The question whether the unsymmetrical broadening of spec- 
trum lines may be accompanied by displacements is an old one." 


5364.8 group ¢ 5305.4 group a 


Fic. 3.—Microphctometer curves showing displacement at pole for 5364.8, 
group ¢, but not for \ 5365.4, group a. 


Professor Kayser remarks that the position of a spectrum line is 
determined by the intensity maximum. In measuring these lines, 


t Kayser, Handbuch der Spectroscopie, 2, 297, 1902; Astrophysical Journal, 26, 
191, 1907; Exner and Haschek, Die Spektren der Elemente bei normalem Druck, 1; 
Sitzungsberichte der Wiener Akad., 116, Abt. IIa, 323, 1907; Eder and Valenta, Astro- 
physical Journal, 19, 251, 1904. 
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the effort has been to set upon the maximum; a double cross-hair 
in the observing microscope, with the space adapted to the width 
of the particular line under examination, has proved a satisfactory 
device for the purpose. 

There are three points, each of which appears to us to establish 
the reality of the displacements of the maxima of the line between 
pole and center: (1) the persistence of the displacements when the 
intensity and width of the line at the pole are less than for the same 
line produced in the central section of the arc, since the maximum 
is the effective portion of the line when exposure times are shortened; 
(2) the shift of the intensity maximum when photometrically deter- 
mined; (3) the relative position of the maxima at pole and center 
with respect to the superimposed iodine lines. 


IV. PRESSURE IN THE ARC 


The question whether the pressure differs from point to point 
in the arc sufficiently to account for these displacements was 
investigated by examining the behavior of lines of known pressure- 
shift that remain symmetrical under wide ranges of pressure and 
density. It is a comparatively easy matter to make differential 
measurements of high-dispersion spectra of good lines to the third 
decimal place, but a difficult matter to obtain comparison spectra 
that are reliable to this degree of precision. It was only after 
developing a method of obtaining rigorously simultaneous exposures 
that we were able to convince ourselves that no general pressure 
differences occur in the arc. The data in Table I illustrate the 
relative behavior of the lines of groups a, b, c5, d, ande. At the 
bottom are appended the mean pressure displacements per 
atmosphere for the same groups of lines. 

The displacements of the lines of groups a and 6b do not exceed 
the limit of error, but the pressure displacement per atmosphere, 
in the case of the 6 lines, is of a magnitude to show a change of 
pressure of one-tenth of an atmosphere, while to produce the dis- 
placements of the lines of groups c5 and d an increase of pressure of 
one and a half to two atmospheres would be required. The be- 
havior of the lines of group e, on the other hand, would indicate a 
great reduction of pressure. It appears therefore from the data 
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that the displacements shown by the lines of groups cs, d, and e are 


not due to a general increase of pressure in the vapors near the pole 
of the arc. 


TABLE I 


NEGATIVE POLE minus CENTER OF THE ARC 


Group a Group } Group ¢5 Group d Group e 


A P=—C A P—C A r=C A P=—C oN P=G 


5328 0.0000 A} 6136 |+0.0007 A} 4890 |+-0.014 A} 5281 |+0.019 A] 5364 |—0.028 A 
5332 |—0.0002 6137 |—0.0004 | 4919 |+0.016 | 5283 |+0.018 | 5367 |—0.025 
5341 |—c.0006 6213 |+0.0003 4920 |+0.013 | 5324 |+0.015 | 5369 |—0.020 
5407 |—0.0003 6219 |+0.00I0 4938 |+0.018 | 5339 |+0.019 | 5383 |—0.025 
5501 |—0.0004 6230 |+0.0004 4957 |+0.014 | 5393 |+0.017 | 5404 |—0.025 
5506 |+0.0004 6252 ©.0000 | 4957 |+0.014 | 5653 |+0.016 | 5410 |—0.026 


Mean.|—0.0002 A +0.0003 A +o.o15 A +o.018 A —o.025A 
Displ. 

per 

atm .|-+0.0036 +0.0094 +0.0094 +0.0092 +0.0017 


V. OTHER CONDITIONS IN THE ARC 


Density.—The absence of a general increase in pressure between 
the center and the negative pole led us at first to consider density 
as a possible cause of the pole effect. The concentration of lumi- 
nosity is marked at the poles and is quantitatively indicated by the 
longer exposure upon the center of the arc required to equalize the 
intensities of the pole and center spectra. To test the possible 
effect of density upon the position of these sensitive lines, a pair of 
furnace plates was taken for us by Mr. King with 0.2 g and 2.0g 
of iron, respectively. The iron deposit upon the walls of the 
graphite tubes showed that in both cases all of the iron was vapor- 
ized, so that the ratio of the vapor densities may be considered 
comparable to the quantities of metallic iron. Neighboring lines 
belonging to group a, the flame lines, were used as standards. 
Their wave-lengths are independent of the current-density and the 
part of the arc serving as a source, and King has found’ that for 
lines of this type the pressure displacement does not depend upon 
the density of the furnace vapor. Our measurements are given in 


1 Mt. Wilson Contr., No. 60, pp. 21-27; Astrophysical Journal, 35, 203-209, 1912. 
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Table II, and show no increase of wave-length with the increased 
density, though for the same lines the increase in passing from the 
center to the pole of the arc iso.o195 A. Some lines of manganese 
present as an impurity in the iron poles of the arc show displace- 
ments at the negative pole of the same order as the neighboring 
lines of iron. It does not seem probable that the density of a trace 
of vapor would be very appreciable even at the negative pole. 


TABLE II 


Lines oF Group d UNDER VARYING DENSITY AND TEMPERATURE IN THE FURNACE 


Density Temperature 
AHD—ALD Pole Effect A AT—LT Pole Effect 
5266 0.000 A | +0.017 A | 5232 0.000 A +o.025 A 
5324 —0.004 +0.015 5266 ©.000 +0.017 
5580 +o0.001 +0.024 5324 —0.001 +0.015 
5615 —0.003 +0.022 
Means | —0.0015 +o.0195 —0.0003 +0.019 


Temperature —The effect of a variation in temperature was 
investigated by comparing the wave-lengths of these sensitive 
lines at temperatures in the furnace as widely different as practicable 
(2100°—-2600° C.). They are high-temperature lines, and hence 
appear strongly only at the highest furnace temperatures, but the 
three given in Table II are measurable at the lower temperature 
and are free from the lines of the carbon flutings appearing so 
abundantly at the highest temperature. With the neighboring 
lines of group a as standards, no increase in wave-length was found 
for a 25 per cent increase in temperature, though between the 
center and the negative pole of the arc the displacement is 0.019 A. 

In vacuo.—In order to make a preliminary test of the possible 
effect of electrical conditions, a 6 mm arc of the same form as that 
used under normal pressure and actuated by a current of like 
intensity was operated in a vacuum chamber at pressures of 0.5 cm 
and 10 cm of mercury; comparisons were made between the nega- 
tive pole and center with practical equality of intensities for the 
lines under examination. In Table III data are given showing 
the results of measurement for five groups of lines. 
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For the lines of groups a and 6 the measurements show the same 
results as at atmospheric pressure, that is, no pole effect in either 
case; but for these typical lines of groups cs, d, and e the pole 
effects disappear with pressures below 1o cm of mercury, though 
at atmospheric pressure they are +-0.012, +0.017, and —o0.027 A, 
respectively. 

TABLE III 


NEGATIVE POLE minus CENTER in vacuo 


aN Group a A Group b A Group c5 A Group d A Group e 


5270 |-++0.0010 | 4547 ©.0000 | 4607 |+0.0008 | 5266 |—0.0006 | 5367 |—0.0005 
5328 |—0.0005 | 4592 |+0.0005 | 4611 |+0.0008 | 5281 |-+-0.0005 | 5383 |—0.0005 
5332 |+0.0002 | 4602 |+0.0002 | 4736 ©.0000 | 5283 |—0.0006 | 5410 | 0.0000 
5341 ©.0000 | 4786 ©.0000 | 4859 |—0.0005 | 5302 |—0.0004 | 5415 ©.0000 
5397 |—0.0003 | 4789 |—0.0010 | 4872 |—o0.0002 | 5324 |+0.0018 | 5424 ©.0000 


Means |+0.ooo1 —0.0001 +o0.0002 +0o.0001 —0.0001 


Though the arc 7m vacuo was of the same type and length and 
carried the same current as the arc under normal pressure, its 
appearance was strikingly different; the luminosity in such a case 
is more evenly diffused over the poles, and does not issue from a 
point source. Though the polar region is brighter than the cen- 
tral zone, the concentration in the core is practically absent. The 
disappearance of the pole effect under these conditions indicates 
that the potential difference plays a minor réle, if any, but a more 
definitive investigation is to be undertaken. 

Relation to luminosity —The observations of Fabry and Buisson* 
brought out a striking difference of luminosity in the positive and 
negative regions of the iron arc, a difference confirmed by the 
change in the relative exposure times required to equalize the 
intensities of pole and center spectra on our plates. The ratio of 
center to pole exposure is greater for the red than for the violet 
at the negative pole. There is, therefore, a greater apparent change 
in radiation conditions in passing from the center to the negative 
pole in red than in violet light, but the loss of light through scatter- 
ing and absorption in the outer layers of the arc vapor is undoubt- 


t Journal de physique (4), 9, 929, 1910. 
13 


14 CHARLES E. ST. JOHN AND HAROLD D. BABCOCK 


edly greater for shorter wave-lengths, and as the negative pole is 
surrounded by a much thicker envelope of cooler vapor than is the 
central portion of the arc, the apparent relative luminosity for 
these parts of the arc should be quite different for widely separated 
spectral regions. At the positive pole the greatest apparent change 
in intensity of radiation between center and pole is in violet light. 
If the pole effect is closely related to these conditions, one would 
expect the displacements for the longer wave-lengths to be greater 
at the negative than at the positive pole, and for the shorter wave- 
lengths the reverse relation to obtain. The observations are given 
in Table IV. 
: TABLE IV 


COMPARATIVE DISPLACEMENTS AT POSITIVE AND NEGATIVE POLES 


ULTRA-VIOLET GREEN 

& 

=) 
c r Neg. Pole Pos. Pole r Neg. Pole Pos. Pole 
if) — Center — Center — Center —Center 
3322.50 +0.010 —0.00I | 5339.94 +o0.019 | +0.004 
3407.47 +o.006 ©.000 | 5393.19 +o0.017 | +0.004 
3426.65 +0.004 +0.002 | 5569.63 +0.020 | +0.003 
3667.28 | -+0.008 ©.000 | 5602.96 +o0.o019 | +0.007 
Means =e +0.007 0.000 +0.o19 | +0.004 
3689.46 —0O.OII —0.004 | 5367.46 —0.025 | —0.005 
3694.00 —0.014 —0.004 | 5369.96 —0.020 | —0.004 
3748.96 —0.0I14 —0.006 | 5410.90 —0.026 | —0.004 
3754.50 —0.008 —0.006 | 5415.19 —0.030 | —0.006 
Means...... —0.012 —0.005 —0.025 | —0.005 


For the region of 5400 the displacements are largest at the 
negative pole, but the reverse does not hold for the ultra-violet, 
though for the lines of group e the difference between the two poles 
is less for the shorter wave-lengths. The evidence against a rela- 
tionship between luminosity and pole effect is strong in the case of 
the lines of group d, which appear to constitute a homogeneous 
group, since their pressure-shift varies as the cube of the wave- 
length; but the lines in the two sections of group e are not so con- 
nected and upon other grounds seem to be less intimately related. 
Under the reduced pressures used the pole effect disappears for the 
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lines near \ 5400, but persists for the lines in the violet. The 
true pressure-shift for the lines in the green is very near zero, while 
for the violet region these lines show displacements to the violet 
under increase of pressure. A more complete consideration of this 
class of lines will appear in a later paper. 

Local pressure.—In comparing the spectra of the core and the 
flame of the arc, Adams" found that the ratio of core to flame inten- 
sity is highest for the lines of groups d and e, and lowest for lines 
of group a. Not only are the lines under consideration relatively 
the strongest in the core when compared to the flame of the arc, 
but they also increase in intensity more rapidly on approaching 
the poles than any other group of lines, so that the energy density 
for them is high in the limited volume of vapor in which they origi- 
nate. This raises the question of a local increase in pressure in the 
core of the arc near the pole, which might produce an effect on those 
lines of which the core is mainly the source, while in the case of 
lines of groups a and 3, for which the core plays a less important 
role, the effect may escape observation. In general the measure- 
ments for such lines show a slight indication of displacement, but 
of a magnitude not considered to be within the range of precision 
of our measurements. A possible method of approaching the 
question of a local increase in pressure is to compare the pole effect 
with the pressure displacements for the same lines. We have 
measured the pressure-shift per atmosphere by comparing the 
center of the 6 mm arc under pressures of 0.5 cm and 10.0 cm with 
the center of a duplicate arc under normal pressure. Upon this 
point St. John and Ware say: 

Neither the small pressure-changes of about one-fifth of an atmosphere 
taken advantage of in this investigation, nor the high pressures used by Gale 
and Adams are well adapted to the study of lines of this type, and it is purposed 


to examine im vacuo and under normal pressure the behavior of an extended list 
of lines belonging to groups d and ¢.? 


The precision which our preliminary measurements give jus- 


tifies the opinion implied in the reference made. Taken in the 
central section of the 6 mm arc in both cases, the lines are of good 


I Mt. Wilson Contr., No. 40; Astrophysical Journal, 30, 86, 1909. 
2 Mt. Wilson Contr., No. 61, p. 21; Astrophysical Journal, 36, 37, 1912. 
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quality, and the displacements may be determined with a surprising 
degree of accuracy, but the results show that the pressure displace- 
ments formerly attributed to these sensitive lines are greatly in 
error through pole effect. 


TABLE V 


PRESSURE-SHIFT, PoLtE Errect, AND WAvE-LENGTH 


Group oe A Mean A} A per Atm. | Pole Effect laa 
Re Ne 25 | 4085 |+0.0048 A|+0.0099 A} 2.1 atm. 
en cnx 12 5528 |--o.0089 |-+0.0206 223 
Cj teasestors 6 | 6350 |+0.0160 |-+0.0185 ie 
Ded one 16 | 4766 |+0.0093 |+0.0119 ria 
aa Bee 7 3755 |—0.0035 |—0.009 2.6 
G2 on eee 8 5392 |+0.0017 |—0.026 ? 


The results for representative groups of lines are assembled in 
Table V. The increases of pressure on the assumption that the 
effect is due to pressure at the negative pole, given in the last 
column, show variations exceeding the limits of error. 

The pressure displacements for the three sections of group d, 
shown in Table V, are related as the cube of the wave-length, con- 
firming the conclusion of Gale and Adams.t_ The values calculated 
from the weighted equation 


xX N3 
ar=(—) 0.00804 
5000 


show residuals as in Table VI. 


TABLE VI 


AGREEMENT WitH CuBE Law 


Ar 
MEAN A WEIGHT 
Observed Calculated | Obs.—Calc. 


BOS 50506 0.0048 A ; 0.0043 A/++o.0005 A 25 
BOA poe. 0.0089 0.0108 |—0.0019 12 
O2cOnm ee 0.0160 ©.0164 |—0.0004 6 


* Mt. Wilson Contr., No. 58, pp. 22-26; Astrophysical Journal, 35, 32-36, 1912. 
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On taking account of the weights, it will be seen that the small 
deviations of the observed points from the theoretical curve are 
properly distributed; but an examination of the pole effects in 
Table V shows that they do not follow the cube law even approxi- 
mately. Since the pole effects are not so related to the wave- 
length, it is evident that pressure alone does not explain them. 


VI. IDENTIFICATION AND DISTRIBUTION OF AFFECTED LINES 


Between A 2979 and A 6678 we have examined 1570 lines; when 
the negative pole is compared with the center, we find 286 lines 
showing displacements to the red and 80 with displacements to 
the violet; that is, 23 per cent of the lines are affected. In 
Table VII the lines showing displacements to the red are listed, 
and in Table VIII those which are displaced to the violet. The 
first column identifies the lines by their wave-lengths in inter- 
national units to the second decimal place. The present available 
determinations of wave-length show variations of such magnitude 
for the majority of the lines listed that it seems advisable for the 
present to omit the third place. The second column gives the 
intensity and character according to Burns’ for the lines contained 
in his tables; the others are in general very weak lines. The dis- 
placements, negative pole minus center, are in the third column; 
wher. followed by I.S., the corresponding lines are international 
standards of the second order. No attempt has been made to 
separate the groups cs and d, nor to indicate any subgroups. This 
is best done by means of the pressure-shifts, which are at present 
under investigation. 

The distribution is shown in Table IX. The regions are so 
selected that the number of affected lines per 100 A is fairly uniform 
in each. From the point of view of one who uses the iron lines as 
standards of wave-length, as reference lines in solar or stellar 
investigations, or as a basis for intensity comparisons, not only is 
the absolute distribution of interest, but also the proportion of 
affected lines in a given spectral region. The sensitive lines are 
numerous in sections of the ultra-violet; they form, however, a 
small percentage of the total number of lines there, but in the 


t Lick Observatory Bulletin, 8, 27, 1913. 
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Fe Lines, GRoupPS c5 AND d 


TABLE VII 


NEGATIVE POLE minus CENTER OF ARC 
DISPLACEMENTS TO LONGER WAVE-LENGTHS 


A 
(Int. Units) 


2991 


3012. 
3048. 
3093 - 
3154. 
3188. 
3208. 
3209. 


3211 


8322, 
3407. 
3410. 
3426. 
3438. 


3445 


3459. 
3474. 
3518. 
3522. 
3532. 
3568. 
3583. 
3586. 
3587. 
3592. 
3599. 
3604. 
3607. 
3612. 
3613. 
3616. 
3620. 


3635. 


3636 


3043. 


3644 


3655. 


3662 


3664. 


3665 


3660. 


3667 


3667. 


3676 


3688. 


3697 


3793 - 


3721 
3735 


.65 
46 
47 
89 
51 
59 
48 
33 
.69 
50 
47 
go 
65 
51 
78 
74 
44 
68 
27 
56 
98 


~~ 


Burns 


2H 


A 
(Int. Units) 


3739- 
3749. 
3787. 
3789. 
3811. 
3814. 
3817. 
3830. 
85 
3928. 
3941. 
3947 - 
3948. 
3955. 
3957- 
3963. 
3965. 
3970. 
4018. 
4024. 
4030. 
4058. 
4065. 
4072. 
4073. 
4083. 
4084. 
4101. 
4104. 
4109. 
4112. 
4118. 


3920 


4125 
4133 
4150 
4153 
4154 
4157 
4158 
4171 
4187 
4187 
4191 


4195. 


4196 


4198. 


41908 
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TABLE VIIl—Continued 
X rN 
(Iat. Units) Burma P—C (Int. Units) Burns P—€ 
eA 

4222.22 5 +o.006 A 4938.83 & +o.018 A 
4225.46 4b +0.004 4944 . 34. +0.024 
4227.45 7 +0.014 4946.40 2 +0.024 
4233.16 I -+0.007 4950.12 I +0.020 
4233.61 6 +o.o1r0 LS. 4054.11 +o.o16 
4235.95 8 +0.009 4054.41 +0.029 
4238.83 4b +o.o11 4957.31 5 +o.014 
4247.44 5b +o.o11 4957.61 Io +0.014 
4250.13 7 +o.o10 4960.65 +0.020 
4260.49 Io +0.012 4966.10 5 yeu) MAY. 
4264.21 2 +0.006 4969.04 2b +0.045 
4271.17 7 -+-o.o10 4970.80 +o.026 
4209.25 7 +0.009 4973-11 2 +o.018 
4343.28 2 +0.012 4978.61 2 +o0.018 
4401.30 3 +0.004 4982.52 4b +0.026 
4407.71 2 +o0.o11 4983.27 3b -+0.020 
4446.85 2b +o.012 4985.27 3 +0.016 
4462.01 3b +0.020 4985.56 3 +0.019 
4469.39 4b +o.008 4988.97 2 +o.018 
4531.64 2 +o.006 4991.29 -+o.030 
4581.52 2 +0.012 5001.88 5 +0.023 
4598.13 2b +o0.012 5002.82 +0.022 
4607.66 4 +0.014 5005.73 4 +0.032 
4011.29 4b +o0.006 5006.13 5 +o.016 
4613.23 3 +o.o11 5007.31 2h +0.030 
4625.06 4 +o0.012 5014.96 4 +0.022 
4637.52 4 +o.012 5022.25 4 +0.024 
4654.64 3b +0.007 5027.14 2h +0.014 
4668.15 4 +o0.013 5039.27 2b +0.026 
4707.29 5 +o.o012 LS. 5044.22 +o.018 
4709.09 2 +o.o11 5048.45 2 +o0.021 
4727.42 2 +0.024 5068.78 4 +o.030 
4730.79 5 +o.012 LS. 5073.67 +0.035 
4754.05 5 +o.o10 Mn 5076. 28 +0.022 
4783-44 4 +o.o12 Mn 5090.79 3h +0.o010 
4823.53 4 +o.o1r Mn 5099.05 +0.020 
4859.76 5 +o.014 LS. 5125.14 2b +0.020 
4871.33 8 +o.o010 5120.21 -+-o.020 
4872.15 8 +o.014 5130.06 +o0.028 
4878.22 6 +o.o012 LS. 5137-39 3 +0.014 
4890.77 7 +o0.014 5139.27 6 +0.021 
4891.50 9 +o0.012 5139.48 8 +o0.020 
4903.32 5 +o0.009 LS. 5162.32 5b +0.030 
4915.60 I +o.018 5165.43 2b +o.o010 
4917.20 +o.012 5191.47 aI +0.019 
4919.01 8 +o.016 1.8. 5192.36 8 +o.o19 LS. 
4920.52 ite) +0.013 5208.61 4 +0.020 
4922.38 +0.014 5215.20 4 +0.020 
4923.94 +0.046 5217.41 4 +0.016 
4930.33 I +0.015 5220.88 5 +0.023 
4932.21 +o.021 5229.52 -+0.019 
4933-64 +0.045 5229.86 +0.015 
4934.02 th +0.005 5232.90 8 +0.025 LS. 
4938.18 I +o.018 5230.19 I +0.020 
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TABLE VII—Continued 


rN 

(int. Units) | Bums P-C (Int. Units) | Burns Bae 
5263.32 is +0.020 A 5655.51 2 +0.016 A 
5206.04 +o0.012 5658.84 4 +o.023 LS. 
5200.57 8 +o0.017 LS. 5662.53 3 +0.018 
5273.18 3 +o.014 5701.47 4 +0.010 
5281.80 5 +0.019 5705.48 I +0.031 
5283.64 v7 +o.018 5709.40 3 +0.024 
5302.32 5 +o0.014 LS. 5711.87 2 +o.010 
5324.10 6 +o.o15 1.8. 5712.15 2 +0.017 
5339-94 3 +0.019 Gy pia oe I +0.007 
5353-39 2 +0.014 Palyfitty tells 3 +o0.018 
5389.46 2 ++0.015 5731.78 a +0.010 
5391.49 I +o.028 5753-14 3 +0.028 
5303-19 ~ 4 +0.017 5703.02 4 +0.028 
5466.42 2 +o.020 5775-10 3 +0.025 
5472.72 I +o.022 5782.15 I +0.020 
5473.91 3 +o0.014 5791.04 2 +0.020 
5470.58 4 +o.019 5809.25 2 +0.041 
5480.87 2 +0.011 5859.61 3b +0.025 
5487.78 3 -+0.036 5883.84 3 +0.024 
5522.46 2 +0.013 5905.68 2 +0.007 
5e25055 2 +o.o10 5934.68 4 +0.028 
5543.94 2 +o.018 5952.75 4 +0.021 
5560. 23 I +0.025 5970.80 Z +0.029 
5563.61 3 +0.021 5983.71 2h +o.018 
5507.40 2 +o0.016 6003.04 g +0.020 
5569.63 5 +o.020 LS. 6008 . 58 3 +0.024 
5572.80 5 +0.025 6013.52 2 +o.o19 Mn 
5570.10 4 0.021 6016.66 2 +o0.020 Mn 
5580.77 6 +o0.024 LS. 6021.82 2h +o.018 Mn 
5600. 24 ie +o.018 6141.13 +o.016 
5602.79 2 +o.016 6180. 22 2 +0.011 
5602.96 3 +0.019 6232867) 2 +0.017 
5608.16 +o0.021 6246.34 4 +0.020 
5615.66 6 +0.022L18. 6301.52 5 +o0.016 
5618.65 I 0.010 6302.51 3 +0.015 
5624.56 5 +0.023 6336.84 4 +o0.020 
5633.97 2 +0.023 6400.02 5 +0.019 
5638. 28 2g 0.015 6408 .04 4 +0.017 
5641.46 2) +0.025 6411.67 5 +0.019 
5655.18 -+-0.014 6419.99 5 +0.024 


region \ 4900-A 5050, for example, there are 34 affected lines. 
Burns gives for this region 24 Fe lines of intensity 2 or stronger; of 
these 20 are sensitive to the pole effect. From \ 5500 to \ 6000 
they are practically the only lines in the iron spectrum. The lines 
giving displacements to the violet at the negative pole have a 
stronger gregarious tendency showing in the ultra-violet and to the 
red of 4 5364. When the ultimate groups of the iron lines are 
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once determined from their reactions to various physical conditions, 
it may be possible to find definite series relationships even in so 
complex a system as the iron spectrum. 


TABLE VIII 
FE LINEs, Group e 
NEGATIVE POLE minus CENTER OF ARC 


DISPLACEMENTS TO SHORTER WAvVE-LENGTH 


rN 

(int. Units) Burns P-C (Int. Units) Burns Ae 
3157.88 4 —o.004 A 5074.75 2b —0.022 A 
3160.65 6 —0.004 5079.00 One 
3205.40 7b —0.004 5096.99 3b —0.016 
3210.46 2 —0.006 5133.67 5b —0.045 
3244.19 I —0.004 5153.20 —0.035 
3251.24 5h —0.004 5304.86 3h —0.028 
3516.41 3 —0.008 5307.46 3b —0.025 
3518.86 —0.006 5309.96 4b —0.020 
3529.82 4 —0.004 5383-37 5b —0.025 
3532.10 —0.004 5400.50 2b —O.O1L 
3533.00 4 —0.004 5404.13 3b —0.025 
3549.87 3 —0.010 5410.90 3b —0.026 
3582.58 —0._ 013 5415.19 4b —0.030 
3588.52 —0o.006 5424.06 4b —0.027 
3594.63 5 —0.004 5432.96 0,022 
3604. 28 —0.008 5445.04 2h —0.020 
3010.15 5h ——On00 7 5402.96 2b —0.014 
3616.58 4h —0.014 5403.27 4b —0.016 
3633.84 4h —0.006 5543-18 2 —0.014 
3034.68 —0.006 5554.88 3b —0.019 
3650.03 3h —0.007 5565.78 3 —0.019 
3682.21 I Ono 5594.66 2 —0.023 
3689.90 Ib —0.011 5598.31 3 —0.025 
3694.00 6 —0.0I4 5686.53 3 —0.028 
3701.08 6 —0.009 5693.64 2 —0.007 
3720.92 3h —o.006 5705.99 2 —0,019 
3744.00 2h —0O.OII 5816.36 3 —0.026 
3748.96 3h —0.014 5862.35 4b —0o.018 
3754.50 2b —0.008 5914.16 6 —0.003 
3773-69 2b —0.012 5930.18 5 —0.020 
3797-95 I —o.012 5984.81 & —0.022 
3845.26 5 —0.007 5987.06 2 —0o.016 
3966.62 5b —0.004 6007.96 2h —o.016 
4172.64 —0O.017 6020.18 2) —0.012 
4200.92 2 —0.007 6024.06 4h —0,015 
4224.51 2b —o0.006 6042.08 2 —0.012 
4433.22 2b —0.006 6055.99 3h —0.015 
4960.93 —0.035 6078.48 3 —0.022 
4967.89 2 —o.016 6102.18 a —0.OI10 
5065.02 3b —0.029 6103.19 2h —0.015 


wees ll ee eee Ee eee SS ee 
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TABLE Ix 


DISTRIBUTION OF AFFECTED LINES 


DisPLAcED TO RED DISPLACED TO VIOLET 
Region Total | Per1too A Region Total | Per roo A 
3000-3400...] 10 2 3100-3300... 6 3 
3400-3900...| 47 9 3300-3500... fo) fo) 
3900-4300...] 54 TA 3500-3800...] 25 8 
4300-4600... 9 3 3800-4500... 6 I 
4600-4900...| 20 7 4500-4900... ° fo) 
4900-5300...| 72 18 4900-5 200... 8 3 
5300-5800...] 50 Io 5200-5300... ° ° 
5800-6100...} 13 4 5300-5600...| 18 6 
6100-6420...) II 3 5600-6200...} 17 3 
286 80 


VII. WORKING CONDITIONS IN THE IRON ARC 


Aside from the theoretical interest in the changes of wave- 
length considered in this paper, reference may be made to the follow- 
ing practical considerations: 

1. A number of these sensitive lines are included among the 
international standards of the second order adopted by the Inter- 
national Union for Co-operation in Solar Research. 

2. There are regions of the iron spectrum in which few or no 
other lines are available for standards; for example, from \ 4900 to 
d 5050 and from X 5500 to A 6000. 

3. In various laboratories there are in progress redeterminations, 
based upon the iron standards, of the wave-lengths in international 
units of the lines of many elements. In these redeterminations 
the instrument most commonly used is the concave grating in the 
usual Rowland mounting, and in practice the slit of the spectro- 
graph is parallel to the axis of the arc and includes the major part 
of its length. The astigmatism under these conditions introduces 
more or less pole effect, and to that degree vitiates results involving 
lines of the character under consideration. The practice of revers- 
ing the current in the arc in order to overcome the tendency to 
produce wedge-shaped lines when the slit and the axis of the arc 
are parallel, obscures, but does not eliminate, the pole effect. 
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Since the redeterminations aim at a precision of 0.002 to 0.003 A, 
it is necessary to take the pole effect into consideration. 

4. Lines of the type considered are not limited to iron, but are 
present in the spectra of dther elements, the detailed investigation 
of which is necessary before safe deductions can be made from their 
use in astrophysical investigations, or before their wave-lengths can 
be determined with the requisite precision. 

5. The arc lines are often used as a basis for intensity compari- 
sons, and for such purposes reliable results depend upon employing 
suitable arc arrangements. 


TABLE X 


DISPLACEMENTS, PoLe DISTANCE, AND CURRENT 


Neg. Pole and |1 mm from Neg.| Pos. Pole and 12—4 Amperes | 7—s Amperes 


Center Pole and Center Center 
CroupiGscee —o.0005 A} +0.0005 AJ —o0.0002 A] —o0.0004 A] —o0.0002A 
ASLOUD) i wc..2 +o.021 +0.009 +0.003 +0.007 +o.oo1 
Groupié... . - —0.025 —0.014 —o.006 —0.012 —0.003 


It is of importance then to determine the practical conditions 
under which these sensitive lines may be used and the limits of the 
precision obtainable. In furtherance of such a purpose we have 
made comparisons between the center of the arc and the positive 
pole, the negative pole, and a point 1 mm from the negative pole, 
using the Pfund arc 6 mm long, carrying a current of 6 amperes 
under a pressure of 110 volts; and also between the centers of arcs 
carrying 5 and 7 amperes, and between arcs carrying 4 and 12 
amperes. The data are shown in Table X. For the d lines the 
current may vary between 5 and 7 amperes without introducing 
errors exceeding the desired precision, and it appears that the 
small changes in current obtaining in practice, when care is taken 
to hold it constant in the standard arc, are without measurable 
effect. A more insidious source of error is the introduction of the 
pole effect by using light from any part of the arc except the middle 
zone, as nearness to the negative pole is accompanied by easily 
measurable displacements. It is important to hold closely to the 
mid-point of the arc, and advisable to approach the positive rather 
than the negative pole if any considerable length of the arc is 
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to be employed. In our experience the highest precision and the 
most uniform results are obtained by keeping the slit normal to the 
axis at its mid-point in a greatly enlarged image of the arc. The 
necessary conditions for high precision are difficult to realize in the 
classical mounting of the concave grating without some arrange- 
ment for rotating the image of the arc. The ultra-violet plates 
for this investigation were taken with a concave grating in a Row- 
land mounting arranged in a vertical plane and with the slit normal 
to the axis of the arc. 

The effects arising from differences in arc conditions and types 
of spectrographs employed are, as has been mentioned, manifest 
in the determinations of the tertiary standards by different ob- 
servers. They are also apparent in other lines of work. We 
wished to compare our results for the pressure displacement of these 
lines with those taken under the widest range of pressure, and turned 
to Duffield’s interesting paper.t He worked with pressure differ- 
ences of 3 to 100 atmospheres, and used the ordinary mounting of 
the concave grating with the slit parallel to the axis of the arc, the 
slit and the image of the arc being of the same height. His proce- 
dure involved the pole effect in somewhat varying degrees, as he 
changed both the length of the arc and the current-strength, and 
at high pressures the exposures were made by a series of flashes, 
a process that intensifies the effect of the polar influence. From 
his Tables I and II the lines showing pole effects are selected, and 
the pressure-shifts per atmosphere, deduced from the pressure differ- 
ences used, are given in Table XI. Unreversed lines only are con- 
sidered and the means of his two sets are taken. In the last column 
are shown the displacements for one atmosphere found by us for some 
of the same lines of group d in passing from a vacuum to atmos- 
pheric pressure. Duffield’s results vary from 0.033 A per atmos- 
phere, determined from the pressure difference of 3 atmospheres, 
to o.006 A, deduced from the pressure difference of 80 to 100 atmos- 
pheres. These discrepancies are explicable as pole effect. At low 
pressures a larger proportion of its influence would appear as an 
increment to the pressure-shift, while with increasing pressures the 
pole effect would play a decreasing réle. For the lines of group a 

t Phil. Trans., A 208, 111, 1908. 

24 


POLE EFFECT IN IRON ARC 25 


no pole effect is shown by our measurements. There are in Duf- 
field’s tables two lines of this group. The pressure-shifts per atmos- 
phere deduced from pressure differences of 10 and 80 atmospheres 
are 0.0022 A and 0.0015 “A respectively, an agreement in striking 
contrast to the results for lines showing pole effect. 


TABLE XI 


PRESSURE-SHIFT PER ATMOSPHERE—DUFFIELD 


ATMOSPHERES 
rN 

3 5 Io 80 05 100 eee 
A200 wie ois' oie 5.6 sie 'o sls OQFOL LS yi oroewa eons ©.0007 | 0.0060 | ©:.0060)}...aceee. 
USE TORS. © coal We Aono gS 0.0126 0.0147 0.0083 0.0082 0.0086 0.0046 
HORE S 0.0330 | 0.0172 0.0163 OQEOOOOT ae nee 0.0064 | 0.0057 
4227 ise yi Kener ley | Rook wel en oma Ger onondllaeaa oc bac 0.0090 
4222 0.0287 OLOESO? ||MO SOLS ED || a-cerereroke ell ccekerovorowesete | peterocencorie all ener eae 
4210 ©.0300 | 0.0134 | 0.0090 | 0.0034 | 0.0040 | 0.0048 | 0.0019 
EOE ole nce s 0.0162 ©.0155 0.0057 0.00 0.0064 0.0027 
4187 OSOAOT gi etctete rere are «if ers terete, ow: 4! |lanerass tas, ope e)| nceteyet a ate ois | teens toonerels 0.0032 
4187 0.0353 OVOLS 29 letO7 OL 23 recy deccrejell nicrsts es costotenl cevereracee rome 0.0038 
Means 0.0326 | 0.0146 | 0.0135 | 0.0060 | 0.0061 | 0.0064 | 0.0044 


The pole effect appears also in the interferometer determina- 
tions of Xatm.—XA im vacuo by Fabry and Buisson. We have 
measured the values of X\atm.—Ain vacuo for the lines used by 
them, both with a grating spectrograph and with an interferometer. 
The respective results are given in the fourth and fifth columns of 
Table XII. The differences between the values of Fabry and Buis- 
son and the means of our two determinations appear in the sixth 
column. 

For the arc at atmospheric pressure Fabry and Buisson used a 
current of 3 amperes, while we used a current of 6 amperes. They 
say: “‘For the unsymmetrical lines the displacements would have 
been much greater if the intensity of the current had been stronger” 
but the displacements observed by us are smaller than those found 
by them. A comparison of the differences in the sixth column with 
the pole effects in the seventh leaves no doubt that the large values 
obtained by them were mainly due to pole effect. As the maxima 


t Astrophysical Journal, 31, 112, 1910. 
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of the interference fringes correspond to the maxima of the emission 
lines, the measurements show actual displacements of the maxima 
under varying arc conditions, even when determined by the inter- 
ferometer. 

TABLE XII 


NATM. minus \ in vacuo FOR SENSITIVE LINES 


a “ St. JoHn AND BABCOcCK z FABRY AND 
UISSON minus 
g : Buon ; St. JoHN AND POLE Reais 
oO Grating Interferometer BaBcock 

d..| 4187.05 +o.o11 +0.004 +0.004 +0.007 +0.008 
4191.44 +o.o010 +0.003 +0.005 +0.006 +o0.010 
4227.45 |  +0.020 +0.006 0.009 +o.012 +o0.014 
4233.61 +o0.012 +0.006 +o0.006 +0.006 +o.o10 
4235.95 +0.o11 -++o.006 +0.005 +0.005 +o.009 
4250.13 +0.013 +0.005 +0.007 +0.007 +o.0o1I0 
4859.76 +0.017 +0.008 +0.005 +o.o11 +0.014 
4871.33 +o.o010 +0.013 +0.008 0.000 +o0.010 

Go oi) Gaeriioaue: —0.015 =-OvOOLT. |i niiempen ene —o.016 —0.025 
5424.00 =—OnOL7, +0.001 0.000 —0.0I7 —0.026 


There is also evidence that in the furnace spectra studied by 
King’ the positions of these sensitive lines are affected by the 
phenomenon under consideration; for when their pressure dis- 
placements are compared with those of the stable lines in the same 
spectral region the furnace displacements exceed by 0.007 A those 
of the stable lines given under the same conditions, while those 
obtained from our arc determinations exceed the mean given by 
the stable lines under like conditions by 0.0026 A. Moreover, as 
shown in Table XIII, a striking agreement appears between the 
differences, furnace minus arc, and the pole effects given in the 
fourth and fifth columns respectively. 

So much emphasis has been placed upon the differences between 
various determinations of pressure-shift that it may be well to call 
attention to the fact that the lines showing marked discrepancies 
are those catalogued in our Tables VII and VIII, and that among 
the iron lines examined by us some 1200 are free from pole effect 
and will normally yield definite values for pressure-shift. For 
example, in Table XIV we compare our interferometer determina- 

* Mt. Wilson Contr., No. 53; Astrophysical Journal, 34, 37, 1911. 
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tions with the pressure-shift per atmosphere deduced from the 
displacements for 8 atmospheres found by Gale and Adams for 
lines of group a. Those lines of group 6 which we have measured 
in this way also show différences smaller than the errors of observa- 
tion. 


TABLE XIII 


DISPLACEMENTS PER ATMOSPHERE IN FURNACE AND ARC 
Fre Lines, Group d 


PN Furnace Arc F-A Pole Effect 
ATOR LOS ee +o.o12 | +0.0038 +o.008 | +0.008 A 
BES PEO Eerae nak +o0.013 | +0.0033 +o.o10 | +0.010 
ALOU AA seen +o0.013 | +0.0027 -+o.or0o | +0.010 
AEQSoS Leite cma +o.014 | +0.0113 +o.002 | +0.010 
AGTO..2 O00 war) clare -+0.013 | -+-0.0019 +o.o11 | +0.006 
Meantee: qa75) acter. +0.013 | +0.0046 +0.008 | +0.009 A 


The agreement for lines of this type, shown in Table XIV, is in 
strong contrast to the consistent difference for lines of group d. 
For the lines given in Table XII, the mean pressure-shift per atmos- 
phere deduced from the displacement for 8 atmospheres found by 
Gale and Adams is +0.o11 A, while, from our measurements based 
upon the lines as produced in the central zones of 6 mm, 6 ampere 
arcs, its mean value is +0.006 A, the difference being referable 
to the pole effect introduced by the short arcs used by them. 


TABLE XIV 


DEFINITE PRESSURE-SHIFT FOR STABLE LINES 
GROUP a 


Gale and Adams_ |St. John and Babcock 


AU OMe cieiee scree +o0.0022 +0.0020 
yh ti Sates Crea Peace Ie +0.0036 +0.0031 
SSO Merag aeiche ate eleven +0.0036 -++o.0029 
A OO etait eves visors +0.0034 +0.0045 
AD Oletare alaye rasa cue tets eletoss +0.0036 0.0033 
AA rete orchestra alee teicys 5% +0.0039 +0.0030 
CHING GOO OD OO DOT +o0.0036 +0.0035 

+0.0034 +0.0032 
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A remarkable agreement appears between the pressure displace- 
ments found for this group of sensitive lines by Fabry and Buisson 
(arc and interferometer), Gale and Adams (arc and grating), and 
King (furnace and grating), namely, 0.013, o.o11, and 0.013 A, 
respectively, while our measurements give only 0.0o06A. It 
seems probable that some common factor was effective in producing 
these larger values, and a comparison of the excesses with the pole 
effect points to it as the operating cause. 

It is a matter to be considered, whether the differences in 
wave-length between the center of the arc im vacuo and in air, 
as we have used it, are wholly due to pressure, or are still measurably 
influenced by pole effect. One way of approaching the question is 
to compare our results with those given by Duffield’s data. As our 
value for the pressure-shift is 0.0044 A, and that deduced from the 
pressure differences of 100 atmospheres used by him is 0.006 A, 
it appears that under the conditions of our arrangement we are 
approaching closely, if we have not actually reached, the true 
pressure-shifts for lines subject to pole effect. This is further indi- 
cated by their varying as the cube of the wave-length, a relation 
shown by Gale and Adams to hold for the iron lines of groups a 
and 6, which are free from pole effect. If the displacements found 
by us are complicated by the presence of another effect, not follow- 
ing the cube law, such a close agreement between observed and 
calculated values would be a remarkable coincidence. Another 
reason for thinking the 6-ampere arc, 6-7 mm in length, is prac- 
tically free from the pole effect in the central plane is found in the 
way the displacements vary with current. Combining with ours 
some of Royds’s' data for the differences between the centers of 
arcs carrying different currents, we find for the following current- 
changes the corresponding increases in wave-length: 


GS tossy.. SAM pereseys arc aaa +o.0o01 A 
Pel pk Co Yat RETNA teas Sin +0.003 
Bi GS sep: ten BAR EN RO are es +0.007 


* During the progress of this investigation Dr. Royds’s interesting paper appeared 
(Bulletin No. 40, Kodaikanal Observatory). The two investigations have proceeded 
along some common lines, and where the same ground is covered by the observations 
they are mutually confirmatory. 
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These indicate approximately displacements of 0.001, 0.002, 
and 0.004 A for 2-ampere increments to currents of 5, 7, and 10 
amperes, respectively, and that decrease of current below 6 amperes 
is not necessary for the élimination of pole effect in the iron arc 
employed. 

VIII. DISCUSSION 


Though our observations show that displacements of the 
maximum intensity of certain types of lines occur between the 
center and pole of the iron arc, the cause of the displacements is not 
evident, nor is the mechanism plain that produces the unsymmetri- 
cal broadening which characterizes lines of these types, and with 
which the displacements are more closely related than with the 
pressure-shifts. Dr. Goos' attributed such displacements to differ- 
ences of pressure in the arc. We do not find pressure differences of 
the order necessary to produce them. It may be said that probably 
all data relative to the pressure displacements of these sensitive 
lines are more or less affected by pole effect, and cannot serve for 
the accurate determination of pressure differences. Dr. Royds’ 
considers density the predominating influence in producing the 
displacements. The fact that a tenfold change in vapor density 
in the furnace is without effect upon the position of the maximum 
is opposed to the density hypothesis, but the conditions obtaining 
in the furnace and in the arc are not strictly comparable. Exner 
and Haschek suggest variability in the intensity of the components 
of a complex line under varying excitation as an explanation of 
displacement of the maximum. This would mean that in 18 per 
cent of the lines examined by us a close-lying satellite to the red 
of the principal component given by the central zone of the arc 
increased in relative intensity on approaching the negative pole, 
and that in 5 per cent of the lines the component of increased 
relative intensity was to the violet. More observational data than 
are now available are necessary to determine the probability of such 
a behavior of complex lines. The possibility of the occurrence of 
such variability is evident, but the observations of Nutting do not 


* Loc. cit. 2 Loc. cit. 
3 Sitzungsberichte Wiener Akad., 116, Abt. Ila, 323, 1907. 
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indicate it in the case of iron.’ Neither of these points of view seems 
to us to offer a satisfactory explanation of the phenomenon, nor 
until definite results are obtained from investigations now in prog- 
ress and to be undertaken do we wish to offer any further sug- 
gestion, as we are inclined to sympathize with Nutting when he 
says: “In conclusion, I wish to enter a plea for a simpler and 
broader basis for spectroscopy and a basis as free as possible from 
either assumption or speculation.’” 

Though we have not satisfied ourselves as to the explanation 
of the main phenomenon considered in this investigation, we feel 
that the data should be accessible to other investigators, particu- 
larly in view of the employment of the iron arc as a standard in the 
redeterminations in progress, and as a basis of sun and arc compari- 
sons in the discussions bearing upon pressure, motion, anomalous 
dispersion, and Einstein effect in the solar atmosphere, as it is 
evident that the iron lines given in Tables VII and VIII, and lines 
of other elements behaving in a similar way, must be given separate 
consideration, and conclusions based upon them accepted with 
great caution. 

We have suggested the term “‘pole effect,” not only as a con- 
venient designation of the phenomenon, but also as an indication 
of its dependence upon nearness to the pole. The effects due to 
increase of current appear to us a projection of the polar influence 
to a greater distance from the pole, while a shortening of the arc 
simply brings the central zone nearer to the pole. 

We take this opportunity to express our appreciation of the 
assistance given us by various members of the staff; we are under 
particular obligation to Miss Ware for her able and unwearying 
help in the difficult measurements. 


IX. SUMMARY 


1. A combination of totally reflecting prisms and a rotating 
sector furnishes a means of making rigorously simultaneous 
exposures upon different sources. 


t Astrophysical Journal, 22, 7, 1906. 
2 Astrophysical Journal, 28, 70, 1908. 
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2. Displacements of the maxima of certain unsymmetrical iron 
lines in passing from the center to the negative pole of the arc are 
shown by the persistence of the displacements when the widths of 
the lines at the pole are dess than at the center of the arc, by the 
shift of the intensity maxima of the photometric curves, and by the 
relative position of the maxima at pole and center with respect to the 
superimposed iodine absorption lines. 

3. Observations upon symmetrical lines with large pressure- 
shifts do not show a general increase of pressure in passing from the 
center to the negative pole sufficient to produce the observed dis- 
placements. 

4. The wave-lengths of these sensitive lines are not affected 
by a tenfold change in the density of the iron vapor in the furnace. 

5. Their wave-lengths are independent of a change in furnace 
temperature over the range of our observation, 2100°—2600° C. 

6. Except in a very few special cases, the pole effect disappears 
im vacuo and in so far appears independent of electrical conditions. 

7. It does not appear to be intimately related to the differences 
in luminosity between the positive and negative poles. 

8. The variation of pole effect with wave-length does not follow 
the same law as pressure displacements. 

9. Therefore an increase of pressure localized at the pole and in 
the core of the arc, where a greater proportional contribution is 
made to the total intensity of these lines than to any other groups, 
does not alone explain the displacements. 

10. Between \ 2979 and ) 6678, of 1570 lines examined 286 
show displacements to the red and 80 to the violet. 

11. The affected lines are not distributed with any degree of 
uniformity, but show rather a tendency to cluster in certain regions. 

12. In extensive regions of the spectrum, )d 4900-A 5050, 
X 5500-A 6000, nearly all the lines are of this character. 

13. An investigation of the limits of the working conditions 
in the 6-ampere, 110-volt, 6 mm iron arc of the Pfund form shows 
that the small fluctuations in current occurring in practice may be 
neglected, but that even when the arc is running steadily only a 
narrow equatorial zone is practically undisturbed by the pole 
effect. 
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14. Our study of the behavior of iron lines under different con- 
ditions furnishes additional ground for regarding the classification 
suggested by Gale and Adams as resting upon a real physical 
basis. 

15. Emphasis is placed upon the necessity of considering the 
pole effect when the arc is used in comparisons of intensity, in re- 
determination of wave-lengths, and in astrophysical investigations. 


Mount WItson SoLaR OBSERVATORY 
May 1915 
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NOTE ON THE DENSITIES OF SECOND-TYPE STARS 
By HARLOW SHAPLEY 


During the last few years our knowledge of stellar densities 
has been considerably increased through the acquisition of specific 
values for the mean density of certain classes of double stars; and, 
at the same time, there has been a growing need in studies of stellar 
development for more definite information regarding this as well 
as other physical properties of stellar bodies. From the study of 
eclipsing variables it is found that the average density of the first- 
type stars is one-tenth or two-tenths that of the sun. Moreover, 
the range of values is apparently limited, for from a total of some 
fifty carefully investigated binaries, no star of spectral type B or A 
is known to have less than one-hundredth the solar density. Among 
the second-type systems a number are known to be denser than 
the white stars; but, on the other hand, there are also solar-type 
stars of remarkably low density—so rare, in fact, that with solar 
mass their volumes must be hundreds of times that of the sun. 
This result has been stated in various recent articles, but only in a 
more or less summary fashion; and, as the existence of such low 
densities and the bearing they may have on current astronomical 
problems is not generally admitted, it is the object of the present 
communication to give the data upon which the conclusion depends 
in a manner sufficiently detailed to permit an easy inspection and 
consideration of its validity. 

The point is of some importance in determining the order of 
stellar evolution. Admitting that stars in growing older contract 
and become denser, the stars of least density must obviously be the 
youngest; and, if we suppose that the order of evolution is uni- 
formly that represented by the spectral sequence B, A, F, G, K, 
and M, we must expect the densities of second-type stars always 
to be greater than those of the first. In other words, second-type 
stars cf low density find no place in this scheme of stellar evolution 
except by the assumption that these particular bodies, in spite of 
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gravitation, expand as time goes on. There may be some other 
explanation of such small values—we might hypothecate the 
existence of important counter-gravitative forces, or deny the 
whole of the eclipse theory, or, regardless of the evidence, propose 
that these are exceptional bodies which do not develop in the 
normal manner or are preceded by as yet undiscovered whiter stars 
of still greater volume, rarity, and luminosity.t But otherwise, if 
the existence of the abnormal densities is proved, it would seem that 
the conventional order of the evolutionary stages must be modified. 
The existence of many second-type stars of great intrinsic 
brightness is not questioned—for instance, Capella, the Cepheid 
variables, and the bright yellow stars in the Hyades group. With 
any reasonable assumption as to the surface brightness of these 
stars, the inevitable conclusion is either that they have enormous 
masses, or, if the masses are within the limits found in double-star 
systems, that the mean densities are extremely low. In some cases 
the dimensions must be so large that there can be no middle-ground 
adjustment that will keep both mass and density within the limits 
generally admitted in stellar studies. To account for the great 
size of the second-type stars of high luminosity, the choice between 
large mass or small density is generally made in favor of the former 
in order to maintain a late epoch in stellar development for these 
objects. But this implies for these stars, when earlier in their 
history they were of spectral type A or B, still greater dimensions 
than they now possess; and this circumstance, coupled with the 
much greater intrinsic light-emitting power of the whiter stars, 
would demand the presence of giant white forerunners of a magni- 
tude, both absolute and apparent, not at present to be found. 
This possible, though apparently improbable, interpretation of 
the great volume of isolated giant red and yellow stars contributes 
nothing to the question of whether the first-type stars are denser, 
‘In this connection it is well to keep in mind the group of B-type spectroscopic 
binaries whose periods exceed 100 days. We have as yet no assurance that their 
densities may not be peculiarly low. None of them is known to be an eclipsing 
variable. Of the second-type spectroscopic binaries, however, one-third have periods 
longer than the longest of the B’s, so that, if length of period is to be the criterion for 


density, here again the white stars have intermediate values (Mt. Wilson C onir., No. 99; 
Astrophysical Journal, 41, 291, 1915). 
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in the mean and individually, than some of those of the second type; 
but, for valuable evidence, recourse may be had to the data of 
eclipsing binaries in which the mean density of each system can be 
determined independently of the mass.' 

The questions to be answered are, first: Do these extremely low 
densities certainly exist ? and secondly: Are the stars considered 
certainly those with the redder spectra? Since the evidence so far 
presented is by no means to be considered overwhelming, nor per- 
haps even incontrovertible, a specific record of the data is desirable 
in order to indicate the present status of the argument. 

The equations giving the density in terms of the orbital elements 
have been developed in various forms, and results for 20 stars, which 
seem certainly to be of the second type, have been published. 
Some of these densities are abnormally low, but the fact that their 
derivation has been involved with the rather complicated orbital 
theory of binary systems perhaps detracts something from the con- 
viction that the results would otherwise carry. There is, however, 
a simple relation which gives the upper limit of the mean density of 
an eclipsing binary without hypothesis as to the depth of the minima 
or the relative size or brightness of the components—in fact, in a 
circular orbit or one of small eccentricity the limit involves only 
the period and the duration of one eclipse. As the results from 
this relation are of the same order as those previously found, the 
conclusion as to the existence of very low densities is freed from the 
orbital theory and given a very direct derivation. 

Expressing the period, P, and the semi-duration of eclipse, ¢, in 
days, and the mean density, d,, in terms of that of the sun, we have 
(as shown in the supplementary note) 
pe 0.054. 

. , 2b (1) 
P? sin3 Pp 

Table I contains data relative to five eclipsing systems of low 
mean density. The upper limits in the fifth column were derived 

«The assumption that isolated stars and binaries are physically comparable is 
necessary, of course, in applying to the general aggregate of stars the conclusions 


reached in the present case; but there seems to be no reason at present to doubt the 
validity of this assumption. 
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by the foregoing relation. The remaining data are from Conéri- 
butions from the Princeton University Observatory, No. 3, pp. 82 ff., 


1915. 
TABLE I 


DENSITIES AND DIMENSIONS OF FiIvE Ectipsinc SYSTEMS 


HypotHETICAL LONGEST 
SEMI Upper ComputEeD DENSITY Raoroe 
SPEC- Dora- | Tar 2 oo 
STAR earn PERIOD) | TIONO=| (y= 0) | Sn | 
INT | Density Bright Faint Bright | Faint |Relative 
ere Star Star Star Star Orbit 


SX Cass...}| G3 | 364572] 245 | 0.0005 |o.0004 |0.0002 | 15.3 | 18.6] 59. 
RX Cass...| Ko | 32.316] 2.5 | 0.0005 |o.0005 |o.0004 | 14.8 | 14.8] 53. 
RZ Oph...|*F8 |261.9 8.0 | 0.00012/0.001 0.00003 | I0.1 | 33.5 | 217. 
0.4 
2.0 


RAP IBEYes5 5 4|| MOS 5.074 A ©.02 |0.013 |0.010 A On| e04e6 15.6 
W Crucis..| Gp {198.5 | 22. ©.00005]/0 .000002/0.000025] 94. 36. 180. 


Only for W Crucis are the observations adequate at present to 
give a curve and orbit of the first grade; the periods, however, are 
accurately known in all cases. To indicate how closely the dura- 
tion of the eclipse can be ascertained, as well as to show how closely 
the variation of these stars resembles that of typical eclipsing 
binaries of shorter period, the computed light-curves are given in 
Figs. 1, 2,3,and 4. That for W Crucis has already been published 
in this Journal;* the peculiarities of its spectrum and the small 
distance separating the components may entitle it to diminished 
weight in the present discussion. 

The sources of the observations for the other four systems are 
as follows: 

SX Cassioperae.—The measures are visual estimates by Luizet; 
the open circles represent points of low weight. Normal magni- 
tudes are printed in Contributions from the Princeton University 
Observatory, No. 3, p. 132 (1915), and the orbit, ibéd., p. 86. The 
curve is computed from the uniform orbital elements. 

RX Cassio petae.—Observations are by Wendell using a Harvard 
polarizing photometer, each point representing the measures of a 
single night. The curve is computed from the uniform elements 
(ibid., pp. 86, 135). 

1 36, 148, IgI2. 
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RZ Ophiucht.—Only one-half of the curve is shown. The x’s 
are normal points from observations made at the Laws Observatory 
by Seares and Haynes; the dots define co-ordinates of the observed 


=a? of +424 +84 +124 +164 +204 +244 +284 +324 
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Fic. 2.—The light-curve of RX Cassiopeiae 


curve by Nijland. The curve is computed from the darkened ele- 
ments (ibid., pp. 86, 157); the orbit is discussed in A stronomische 
Nachrichten, 194, 225, 1913; see also Laws Observatory Bulletin, 
No. 16, 1908. 
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RT Lacertae-—The x’s represent normal magnitudes by Enebo; 
the dots, normals by Luizet (black squares have quadruple weight). 
The curve is computed from the darkened elements, the uniform 
solution being impossible (Contributions from the Princeton Uni- 
versity Observatory, No. 3, pp. 17, 26, et passim). 

One other variable similar to these—e Aurigae—might be added 
to the list, but its marked peculiarities of spectrum make the inter- 
pretation of its light-curve uncertain.’ Similarly 6 Lyrae must be 
considered anomalous.’ 


Fic. 3.—The light-curve of RZ Ophiuchi 


The faintness of the stars in the table has made the classification 
of the spectra difficult.s To make certain, however, that they are 
definitely of the second type, three independent and accordant 
classifications of their spectra were kindly made at the writer’s 
request at Harvard by Miss Cannon. 

The tabulated semi-duration of the eclipse, which is used to 
compute the upper limit of the mean density, was read directly 
ee Contributions from the Princeton University Observatory, No. 3, pp. 20, 84, 94, 

2 Tbid., pp. 71 fi. 

3 For the spectrum of W Crucis see Astrophysical Journal, 36, 153, 1912. 
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from the plot of the observations. For all but RZ Ophiuchi' the 
position and shape of the observed secondary minimum is sufficient 
to show that the orbital eccentricity is so small that the formula for 
the limiting density iss valid. The depths and shapes of the 
secondary minima also show that the components must be of 
approximately the same dimensions, so that the mean density of 
the system also indicates the mean density of each component. 
This is not the case, however, for RZ Ophiuchi, where the steepness 


of xd 2d 33 4a 


Fic. 4.—The light-curve of RT Lacertae 


of the curve at primary eclipse shows that the component whose 
spectrum is classified as F8 is the smaller and brighter one for 
which the actual density, as computed from the orbital elements, 
is ten times the mean density; the second component is doubtless of 
a redder spectral type. 

The computed densities in the fifth and sixth columns were 
derived from a discussion of the orbital elements and have been 

t The deviation of the observation near the secondary minimum suggests a deeper 
secondary eclipse than computed, but one of the comparison stars used for this part 
of the curve at the Laws Observatory is suspected of slight variation. Graff’s meas- 
ures of the maximum light show no trace of a conspicuous secondary minimum (Astro- 
nomische Nachrichten, 176, 79, 1907). A deeper secondary minimum would give a 
lower mean density for the brighter component. Data are now available for a revision 
of the orbit, which will be undertaken soon. 
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adjusted for polar flattening and probable irregular division of 
masses between the components in each system. They are close 
to the true values of the mean densities of these individual stars, 
but of course do not pretend to represent accurately the average 
density of the giant second-type stars as a whole. For a first-type 
star the lowest recorded density is 0.012, computed from a pro- 
visional curve for RZ Scuti, type B3; it is likely that further obser- 
vation will tend to increase rather than diminish this value. The 
next lowest value is 0.017 for UZ Cygni, type A." 

Fig. 5 gives a diagrammatic representation of four of the fore- 
going low-density systems, the major axes of the several stars and 
orbits being taken from the last three columns of Table I. For 
convenience the linear dimensions of SX Cassiopeiae and RX 
Cassiopeiae have been divided by two, those of RZ Ophiuchi by 
four, and those of W Crucis by eight. (The tabulated dimensions 
for RT Lacertae show that it is intermediate between the giant 
systems and the sun.) The diagram shows not only that these 
binaries are typical in their relative dimensions, but also that the 
components are distinctly separated. If the components were in 
contact, as is probably the case with 8 Lyrae and RR Centauri, 
we might expect the existence of a gaseous envelope that would 
give rise to spectral peculiarities; or, of more importance to the 
present problem, we might question the meaning of the computed 
densities, as Jeans? has done, because of possible interactions 
through a connecting neck of gas. But in these giant systems we 
find the stars as definitely and distantly separated as the average 
eclipsing and spectroscopic binary. The sun is drawn to scale 
(with the linear dimensions of the binaries reduced as mentioned 
above) on the assumption that each component of all the systems 
has solarmass. The masses are more likely to exceed the sun’s than 
to be less. If each component is 8 times as massive as assumed, 


* Stebbins has just announced that the mean density of 5 Orionis (type B) iso.006 
(Science, N.S., 41, 811, June 4, 1915; see also Astrophysical Journal, 42, 144, IQIS). 


? Monthly Notices, 63, 537, 548, 1903. Roberts finds the components to be actu- 
ally overlapping in their lines of centers. The computed density, however, is 
entirely normal for a dwarf F-type system. 


3 Astrophysical Journal, 22, 93, 1905. 
40 


DENSITIES OF SECOND-TYPE STARS 9 


the sun should be drawn one-half as large; if but one-eighth the 
solar mass, its diameter should be doubled. The true dimensions 
of the stars relative to the sun are probably well within these limits. 
For the purpose of comparison, the two eclipsing systems of highest 
known density, which are also of the second spectral type, are 


ore) O @, @) 
€ The Sun ie 


Fic. 5.—Eclipsing binaries of low and high density. The mass of each compo- 

nent is assumed equal to that of the sun. 

a) SX Cassiopeiae; period 364572; spectrum G3. Reduced to one-half. 

b) RX Cassiopeiae; period 324316; spectrum Ko. Reduced to one-half. 

c) RZ Ophiuchi; period 26149; spectrum F8. Reduced to one-fourth. 

d) W Crucis; period 19845; spectrum Gp. Reduced to one-eighth. 

e) W Ursae Majoris; period 04334; spectrum G. 

f) U Pegasi; period 04375; spectrum FP 
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included in the diagram, thus affording a fair illustration of giant 
and dwarf stars. 


SUPPLEMENTARY NOTE ON THE DERIVATION OF EQUATION (1) AND 
SIMILAR RELATIONS 


The equivalent of equation (1) has been given by Russell; 
expressions for the lower limit of the mean density of a binary, 
involving only the period, have been given by Stebbins? and others. 
On the basis of what is now known of the elements of eclipsing star 
orbits the range can be much narrowed, and it may be of value to 
derive both of the limits from the beginning. The resulting simple 
relations will then give with considerable accuracy the mean 
density of an eclipsing variable from the two most easily observed 
quantities, namely, the length of the period and the duration of 
minimum. 

Selecting the appropriate units of time, length, and density, we 
derive readily from the equation for elliptic motion the following — 
expression for the mean density of a binary system: 

Vie 0.0134 ___ 0.0134 (2) 
P+) Pe(ri+r.)3X’ 
in which 
_ te 
~ (-+r)3’ 


and P, 7;, 72, are the revolution period and the radii of the component 
stars, relative to the distance between their centers. The ratio X 
has its maximum value, unity, when one of the radii is zero; its 
minimum, 4, corresponds to 7,=7,. Hence, 


at  (OFO537 
Upper limit of d.= Po-try3 (stars equal) ss 
3 
Lower limit of d)= ieee (one star a particle) 


The stellar radii are determined only by a solution of the orbit, but 
in the above limiting expressions we may substitute quantities that 
are determined directly from the light-curve. 


t Astrophysical Journal, 10, 316, 1899. 2 Ibid., 34, 105, IgII. 
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For a circular orbit* 

(12-12)? = cos? 7 cos? 6’+sin? 6’, (4) 
where z measures the inclination of the orbit to the plane per- 
pendicular to the line of sight and 6’=a7t/P, ¢ as before denoting 
the semi-duration of eclipse. For any given value of 6’ 

(rr+1r2)?=1 (maximum) for i= 0° 
(r:-+r2)?=sin? 6’ (minimum) for i=g0° 
Hence, 


. . . OF 0537 . fo} 
Maximum upper limit d,= Pans 0’ (rr=1., t=90°) 


Minimum upper limit d)= ao 


(7:=17, 4= 0) 
(5) 


‘ See OL Ol oe ~ eS 
Maximum lower limit d.= P sin3 6" (r=0 , t=90°) 


Minimum lower limit d.= aoe 


(r,=0 , i= 0°) 
The first of equations (5) is equivalent to (1). 

If the stars are just in contact, 44=P, so that 6’=7/2 and 
(r,+r2)3=1 for all values of 7. The limits then become independent 
of the inclination and 


Upper limit d,= 2 =o (1:=12) 


Lower limit iat (t,=0 ) 
P 

With the aid of known values of the orbital inclinations we can, 
in practice, raise the lower limits of d. as given by the last two of 

equations (5). Substituting (4) in (2) we obtain 
a 0.0134 6 
do= ba (cos? 7 cos? 6’+sin? 6’)3/2 ’ 

which becomes an equality for one star a particle. 
The average value of cos z for ninety eclipsing systems, all with 
ranges at primary eclipse in excess of o.4 mag. (except B Aurigae, 


t The necessary modifications of computations of density because of orbital eccen- 
tricity have been noted by Roberts (Astrophysical Journal, 10, 311, 1899) and others. 
In most cases the changes would be negligible for the present work. 
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range 0.1 mag. and cos #=0.23), iso.112. On the average then 
(6) becomes 


fe OS ae 
eo Eels Gag Ones sin? 6’)3/2 * (7) 


For three systems only does cos i exceed 0.4, and in but one excep- 
tional case is the inclination less than 60°. A very safe limit, 
therefore, is cos 70.5, and then we have finally 
0.108 
ie sin? ’)3/2 ° (8) 
In equations (1) and (8) we have pretty close limits for the 
mean density which depend not at all on orbital elements. If on 
the basis ofthe depths and character of primary and secondary 
eclipses we can assume equal components, then X=} and the 
right-hand member of (8) may be multiplied by four; and, at any 
rate, since only in the exceptional case of r:<0.25r: is X greater 
than one-half, this limit of density may be safely doubled in 95 
per cent of the eclipsing systems. 


Mount Witson SoLar OBSERVATORY 
May roI5s 


t Similarly the average value of (1) may be derived, and is found to be just four 
times as large as (7). 
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THE VARIATION WITH TEMPERATURE OF THE 
ELECTRIC FURNACE SPECTRA OF 
COBALT AND NICKEL 


By ARTHUR S. KING 


The treatment in this paper of the electric furnace spectra of 
cobalt and nickel follows the method previously used for the 
spectra of iron,’ titanium,? vanadium and chromium,’ the lines 
being classified according to the temperature at which they first 
appear and their rate of increase in intensity as the temperature 
rises. The range of wave-length covered extends from below 
d 3000 to about A 7100. 


APPARATUS AND METHODS 


The operation of the tube resistance furnace im vacuo has 
been described in former papers. The spectrum was photographed 
with a 15-ft. concave grating in the vertical spectrograph.4 The 
second order (scale 1 mm=1.85 A) was used as far as A 5200, and 
the first order from this point to \ 6700, a few lines at the red end 
being recorded on films taken with a 1-meter concave grating. 

The three temperatures on which the classification of spectrum 
lines is based were given by a Wanner pyrometer as 2000-2100" C. 
for the low-, about 2300° C. for the medium-, and 2500~-2600° C. 
for the high-temperature plates. A meager spectrum, consisting 
of the stronger low-temperature lines of both elements, mainly 
in the blue region, was obtained as low as 1850° C. 

The metallic cobalt and nickel used in the furnace were highly 
purified preparations by Kahlbaum, each of them showing but a 
trace, spectroscopically, of the other element. As the furnace tubes 
were of regraphitized Acheson graphite, there was little disturbance 

« Contributions from the Mount Wilson Solar Observatory, No. 66; Astrophysical 
Journal, 37, 239, 1913- 

2 Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 

3 Mt. Wilson Contr., No. 94; Astrophysical Journal, 41, 86, 1915. 

4 Mt. Wilson Contr., No. 84; Astrophysical Journal, 40, 205, 1914. 
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from impurity lines, the main trouble from this source being the 
strong carbon bands given at the higher temperatures. 


EXPLANATION OF THE TABLES 


W ave-lengths —The wave-lengths in Tables I and II are those 
given by Exner and Haschek’ for the arc spectrum, supplemented 
occasionally by those of Hasselberg,? designated by “‘H” usually in 
cases where close doublets were not resolved by Exner and Haschek. 

An asterisk after the wave-length denotes that an explanatory 
remark for the given line is to be found at the end of the table. 

The sign } indicates that the estimates of intensity for the line 
in the furnace spectrum are disturbed by the presence of a band 
spectrum, this being usually one of the heads of the “Swan spec- 
trum’’ of carbon, though a banded structure farther in the red, 
whose origin has not been definitely fixed, interfered with a few 
lines. 

Arc intensities.—These were estimated by the writer from spec- 
tra given by the purified cobalt or nickel in the carbon arc, the 
exposure being timed to produce as distinct intensity contrasts as 
possible. Nebulous lines, occurring for the most part in the nickel 
spectrum, are indicated by ‘“‘n” after the intensity value. The 
letters ‘““R” and “‘r,” both for arc and for furnace lines, indicate 
complete and partial self-reversal, respectively. 

Furnace intensities —The columns devoted to the intensities 
of furnace lines give the relative strength as estimated for each 
temperature, a line distinctly outlined on the plate being given 
the intensity ‘‘1,” a fainter appearance being indicated as a trace, 
“tr.” There is usually a decided difference in appearance between 
lines in the furnace at different temperatures, and also between 
furnace lines and those of the arc, but the relative change of differ- 
ent lines with increase of temperature is shown in the tables. 

Classification.—The method of assigning lines to the classes 
given in the last column of Tables I and II is the same as for the 
spectra previously treated. Class I lines are relatively strong at 


* Spektren der Elemente bei normalem Druck, Leipzig, 1911. 


? Kgl. svenska vet. akad. handl., 28, 1896; see also Kayser, Handbuch der Spectro- 
Scopie, 5, 310; 6, 172. 
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low temperature and strengthen slowly at higher temperatures. 
Class IT lines appear at low temperature, but strengthen more 
rapidly than those of Class I as the tube becomes hotter. The lines 
of Class III are absent or faint at low temperature, appear at 
medium temperature, and are usually considerably stronger at 
high temperature. Class IV lines appear at the highest furnace 
temperature, sometimes faintly at medium temperature; while 
those of Class V are usually absent in the furnace, or if present 
are faint compared with the arc intensity. Arc lines below a 
certain minimum intensity are not entered in the tables unless 
they appear also in the furnace. 

The use of ‘‘A” after the class number indicates that the line in 
question is relatively weak in the arc, being usually not more than 
half as strong as in the high-temperature furnace. 


LEADING CHARACTERISTICS OF THE FURNACE CLASSES 


Class I.—The lines of this class are of a well-defined and fairly 
uniform type. With few exceptions, the scale adopted gives them 
nearly the same intensity at the three furnace temperatures and 
in the arc, while the lines of other classes decrease with varying 
degrees of rapidity from high to low temperature. A large pro- 
portion of the Class I lines are of moderate strength and unreversed. 
These are very similar in appearance at all furnace temperatures. 
A considerable number, however, reverse at high and sometimes 
at medium temperature, while at low temperature the lines are 
sharp but still strong. A few lines of this class maintain their 
strength at low temperature to an unusual degree, these coming 
out strongly at the lowest temperature at which the vapor radiates. 
In general, however, the higher temperatures do not seem to be at 
a disadvantage in producing the low-temperature lines, the rule 
prevailing that a line strong at low temperature is strong at all 
temperatures; though in the case of Class IA lines it may be 
weak in the arc. The question arises whether, when the furnace 
is operated at high temperature, the Class I lines may be radiated 
chiefly by the cooler vapor which is doubtless present near the ends 
of the tube. This seems improbable since the ratio of exposure 
times for high and low temperature is of the order of 1:50, so that 
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TEMPERATURE CLASSIFICATION OF COBALT LINES 
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TABLE I—Continued 
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TABLE I—Continued 
FURNACE FURNACE 
: A (8 E : 
ER AND RC LASS Xx i ° 
eee High _ Li : Bice High oe Low ie 
Temp. Temp. Temp Temp. Temp Temp. 
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TABLE I—Continued 
FURNACE FURNACE 
r a 
: FA Ss 
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4431.79.. 3 I Te eae Ill 4868 .08.. 25 12 8 3 II 
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0122002. 
6189.20.... 
6211. 
6231. 
6232. 
6249. 
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6273. 
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6395. 
6396. 
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6430. ae 
O4f0u5 Ese 
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33 
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. 56 
a0 
32 
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.20 
.00 


and 3991.83 


and 5266.71 


REMARKS ON TABLE I 


Concealed at high temperature by A 3061.94. 
Probably double. 

Doublet, just resolved. 

Close doublet. 


Concealed by reversal of » 3354.51. 

Coincides with strong Ni line. 

Furnace line may be concealed by A 3409. 20. 
Probably double. 

Concealed by adjacent lines. 

Concealed by reversal of \ 3474.17. 

Blend at high temperature. 

Doublet in arc. Only violet component appears in furnace. 
Close doublet, not fully resolved. 

Blend with Ni. Furnace line probably all Co. 
Close blend. 

Very weak in furnace if present. 

Furnace line may belong to band spectrum. 
Doublet. Disturbed by band at low temperature. 
May be close doublet. 

Low-temperature line may belong to band. 
Furnace line may belong to band. 


29 to 7085.25 Photographed with 1-meter concave grating. 
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Companion makes reversal unsymmetrical. 
and 3344.36 Both probably double. 
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TABLE II 
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3154.68... 2 SA hia oe pe ee IV 307 etn Dy lle chee ke borne cepts Vv 
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3104.30... 2 fall eae CREE IV 3310.35.. 5 5 Sil GeAauiee 
BIOS O44. 3 2 2 2 I 3302-249)4- fe) 2 im Meco iil 
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3202.21 5 see eileen OH necro IV B38 lon: 4 5 4 3 
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3662.10.. 8 6 6 6 df 4200. 60* iB I I I I 
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4904. 
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4937. 
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4971. 
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TABLE Il—Continued 
FURNACE FURNACE 
A 
E 
Sc peenenae are High | Medi-| Low cea |p acre pees High | Medi] tow | “5° 
Temp Temp Temp. Temp. Tem Temp 
6177.00.. 1 Vente ieerape aot rs tere Vv 6366.61.. 4 (0 en le Baye fee eck IV 
6187.00.. a hae ea a ah oe ne V 6378.40f. 5 Tir Wa P| Cee IV? 
6191.48... 12 12 ake) 8 I 6483.08... oe a trenal tark al ses Sia Vv 
6204.78.. 2 2 Beeler Til 6586.52.. 6 6 4 A Avel AE 
6224.18.. RUM staael | ecnoral| Cy eco V 6598.74.. 3 (Aan totter 5 Allein oi IV 
0230.33 . re heat siet Reace alk cll cate V 6635.32.. Baa || Setar tell ee eeasea| eteaeeet Vv 
6256.60.. 15 15 12 TOR el 6643.80. . 20 20 20 Byoy | I 
6258.87.. CPU eek rece ol (aaa a Vv 6767.99* Aer || wis 12 TORE 
6259.79.. Diet ec riec fe | eccmccen| eee V O772.55".. (ee aed ec acligaasc Vv 
6314.89.. ESa bro 8 Cw ell OOTANSS =e NES B B Bale 
6327.70T. 5 ihe |) Meet maya ali hG 7L22n5 Aa Sia livers [ecteeer | eeveree V 
6339.40.. 7 te | eet neta IV 
REMARKS ON TABLE II 
x 

3233.28 May be concealed at high temperature by A 3233.06. 

3674.30 Close doublet. Resolved at low temperature. 

4164.80 Measured as X 4164.70 in furnace spectrum. May be due 

to impurity. 

4200.60 : 

Koos: o Very unusual type of Class I lines. 

4953-38 Furnace line probably due to Co. 

5353-60 Blend with Co at high and medium temperatures. 

6677.99 : : 

to Photographed with 1-meter concave grating. 
7522. Sa 


the cooler vapor near the ends of the tube would be very ineffect- 
ive in recording its spectrum during the brief exposure at high 
temperature. 

Class II.—This class includes a large proportion of the stronger 
arc lines. In the region of shorter wave-length, wide reversals of 
these lines are frequent, in some cases the reversal persisting even 
at low temperature. The reversals are usually much wider in the 
furnace than in the arc at moderate current, and the appearance 
of the lines from the two sources is very different. The estimates 
of relative intensity are made independently for arc and furnace, 
the scales being adjusted so that the stronger lines are given the 
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same intensity in the arc and in the high-temperature furnace. 
Lines of Class II usually remain strong at medium temperature 
in these spectra, but weaken at low temperature more than the 
lines of Class I, the distinction between the two classes being often 
based on this feature. 

Class III.—These lines, whose characteristic is an initial 
appearance at medium temperature, form the most numerous class 
in the cobalt and nickel spectra. A large part of them show but 
slight change of intensity between the arc and the high and 
medium furnace temperatures, but some interesting exceptions 
appear, especially in the nickel spectrum. AA 5080.70, 5081.29, 
5084.20 are examples of very strong arc lines which appear only 
faintly in the furnace, but show at both high and medium 
temperature. 

Classes IV and V.—These high-temperature lines, which are 
faint or absent in the furnace, are much more common in the 
nickel than in the cobalt spectrum. This is due partly to the fre- 
quent occurrence of the nebulous type among the nickel lines, but 
a large proportion of other strong arc lines, especially in the visible 
region, have not appeared in the furnace spectrum. In the cobalt 
spectrum, the lines in Classes IV and V are usually among the 
weaker arc lines which, however, are not given by furnace tempera- 
tures which show other lines as weak as these in the arc. 

Lines relatively weak in the arc spectrum.—The number of lines, 
designated by “A” after the class number, for the production of 
which the arc appears to be less favorable than the furnace, is quite 
different for the cobalt and nickel spectra, the numbers being 40 and 
6, or 5 per cent and 13 per cent, respectively, of the whole number 
of lines listed. This is in harmony with the greater relative rich- 
ness of the cobalt spectrum in the furnace as compared with the 
arc, the proportion of lines in Classes IV and V being much smaller 
than for nickel. 


DISTRIBUTION OF CLASSES ACCORDING TO WAVE-LENGTH 


As the detailed examination of the cobalt and nickel spectra 
covers 4000 A, it seemed of interest to see how the classes are 
divided within successive equal intervals, as of 500 A, throughout 
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this range. This is shown in Table ITI, which gives the percentage 
of each class of the total number of lines within the given soo A. 


# TABLE III 


Division oF Lines In Eacu 500 A AMONG FURNACE CLASSES 
(The figures give percentage belonging to each class of the total number of 
lines within 500 A) 


Cobalt Nickel 
Class 
I Il Ill IV Vv I II TLE IV Vv 
IN 

3000-3500 7 28 51 13 I ae) 46 7 IO 25 
3500—4000 23 34 36 3 4 25 40 7 I 27 
4000-4500 22 9 46 9 13 7 13 17 3 60 
4500-5000 13 Io 60 I5 z ° Ir 49 9 30 
5000-5 500 2 9 28 27 34 5 8 20 se) 58 
5500-6000 4 26 44 ° 26 12 19 4 23 42 
6000-6500 18 6 24 14 38 9 17 4 13 56 
6500-7000 | 43 21 14 ° 21 33 II ° II 44 


The columns of Table III do not show a regular change in the 
percentages of any class as we pass along the spectrum. In 
each spectrum there is a grouping of Class I lines in the extreme 
red, while at the other end we find a large proportion of the lines 
from 3000 to d 4000 belonging to the low-temperature Classes 
I and II, the lines of Classes IV and V being in a decided minority 
at the violet end, especially for cobalt. This is in harmony with 
the feature noted for other elements, that the furnace spectrum, at 
least for the medium and high temperatures, is relatively rich in the 
region of shorter wave-length as compared with the arc. The 
greater part of the lines which require arc conditions occur farther 
toward the red. There is a definite tendency in the furnace, as 
in the spectra of other light-sources, for lines exhibiting a similar 
behavior to group in certain regions, this probably resulting from 
series relations which have not as yet been worked out, and the 
occasional preponderance of a single class in a given region may be 
a consequence of such groupings. 


OCCURRENCE OF ENHANCED LINES IN THE FURNACE SPECTRUM 


The behavior in the furnace spectrum of a number of lines listed 
by Lockyer" as enhanced seems to render it questionable whether 


t Tables of Wave-Lengths of Enhanced Lines, Solar Physics Committee, 1900. 
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these are to be considered as of this class, or at least as a pronounced 
type of enhanced lines. The list follows with the furnace class of 
each line taken from Table I: 


A Class A Class 
2807 FOL Mua erie te II B0A7 20 nee II 
BOABUO San can CHeE: III ZOOL AL Sie II 
ZOSTHOO Manatee IA 3077034 ene III 
BORD 5OO mnt ees eet III 309752 Gea eeee I 
RPV OIR aE Bates ood ot III AOLA LOO Eee II 
B37 010 Osea Arr TID ise -4023 4550 eee Til 

TIT 
28 7S NOON Me rae Sas A077. 5 One eee a f (double) 
2SOS AGA nue EEE Ill AIA GiB Tas ete ceen tae 
3004523 ir hierar \W A160.802 3 ee 
2025 a3 Bene acces III AQAAG AD ee eee 
32020 LAS ia aera Ill LATA LOO ROE Eee 
3040275% 2 emacs II A500 NAS onic ieee 


In the range from \ 3800 to A 4100, the distribution of these 
lines as to furnace class is about what would be expected of the same 
number of lines taken at random, two lines of Class I even being 
found among them; while previous investigations have shown that 
typical enhanced lines, for which the difference between arc and 
spark intensity is large, are among the most difficult lines to obtain 
in the furnace. Exner and Haschek give most of these cobalt 
lines, as far as \ 4100, as of the same intensity in arc and spark. 
From the evidence at hand it seems probable that they are not 
enhanced lines of the regular type, but may be similar to a group 
of iron lines discussed in a former paper,’ which appear in the 
furnace and in the spectra of flames whose temperature does not 
seem to be very high. 

Among the enhanced lines of nickel as given by Lockyer, only 
A 3889.84 appears in the furnace, this being a Class II line, of 
moderate strength in the arc spectrum. 


EXPLANATION OF PLATE III 


In this plate, the cobalt spectrum from \ 3356 to \ 3720 is shown 
in two sections for the arc and for three furnace temperatures. 
Leading features are the variations in relative intensity for lines 

* Mt. Wilson Conir., No. 66; Astrophysical Journal, 37, 239, 1913. 
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of different classes, the numerous wide reversals in the high- 
temperature spectrum, and the general richness of the low- 
temperature spectrum in this region. 


SUMMARY 


1. The furnace spectra of cobalt and nickel have been examined 
from \ 3000 to A 7100 with regard to the temperature at which 
a given line appears and its rate of increase in intensity as the 
temperature rises. The classification of lines on this basis includes 
840 lines in the cobalt spectrum and 423 in that of nickel. 

2. The leading features of the various furnace classes are dis- 
cussed, these being in the main similar to those observed in the 
furnace spectra of other elements. 

3. The number of lines relatively fainter in the arc than in the 
furnace is larger for cobalt than for nickel; while the nickel spec- 
trum shows a large proportion of lines, many of them of nebulous 
type, which require the arc conditions to give them strongly. 

4. An examination of the distribution of furnace classes through 
the spectrum shows a relative richness of the furnace spectrum 
at the violet end, and a tendency for lines of similar character to 
group in certain regions. 

s. A number of lines, especially of cobalt, which have been 
classified as enhanced appear in the furnace spectra, thus indicat- 
ing that they may not be enhanced lines of pronounced type. 
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RESEARCHES ON SOLAR VORTICES 
By CARL STORMER! 


I. INTRODUCTION 


Professor Hale, as is well known, has done fundamental work 
on sun-spots in discovering the Zeeman effect in their spectra, thus 
proving the existence of very strong magnetic fields in the spots 
and in the surrounding whirl revealed by the spectroheliograms. 
In an attempt to employ mathematical methods in the investi- 
gation of these phenomena, I spent some months of the summer of 
rgt2 at the Mount Wilson Solar Observatory. 

The detailed study of the collection of spectroheliograms made 
at the Observatory suggested to me an application of the classical 
researches on terrestrial cyclones made in 1876 by my countrymen 
Guldberg and Mohn.?. The hydrogen flocculi seemed to be arranged 
around a single spot in curved paths that were very similar to 
logarithmic spirals; and just the same curves were found by Guld- 
berg and Mohn as trajectories of the air particles in the outer part 
of cyclones. It therefore seemed advisable to start with the 
hypothesis that the motion of charged electric gas molecules takes 
place along such spirals around the sun-spot center, and compute 
the resulting magnetic field. 

This investigation which I made in Pasadena showed that the 
lines of magnetic force due to a plane whirl of the kind mentioned 
above are space-curves whose projection on the plane of the whirl 
are also logarithmic spirals intersecting the first at right angles. 

This result led me to the idea first advanced by Brester in 
1909, that the hydrogen flocculi resemble terrestrial auroras, thus 


t Research associate of the Carnegie Institution of Washington, Mount Wilson 
Solar Observatory. 

2“Ptudes sur les mouvements de l’atmosphére, Premiére partie”; Programme 
de Vv Université pour le 27¢ semestre, 1876, Christiania, 1876; and Meteorologische Zeit- 
schrift, XII. Band, 1877, No. 14. 

3 “The Solar Vortices of Hale,” Proceedings of the Amsterdam Academy of Sciences, 
January 30, 1909. 
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implying that the visible whirls are not real current-lines, but lines 
of magnetic force due to a magnetic field at a lower level—a view 
expressed by Deslandres' in 1910. Professor Hale had previously 
stated in his papers? that the Zeeman effect was probably due to 
a low-level vortex. In accordance with the mathematical result 
mentioned above, the current-lines of this hypothetical whirl at 
a low level would be logarithmic spirals tending more and more to 
become circles according as the structure of the hydrogen whirl 
tended to be radial. This would much better explain the strength 
of the Zeeman effect of sun-spots of radial structure. 

In the following pages is given a detailed account of my 
researches on the mathematical theory of solar vortices. 


II. DEFINITION OF THE WHIRL 


Let us first consider a logarithmic spiral in the XY-plane of a 
system of rectangular co-ordinates in space. If we use polar 
co-ordinates, R and @, in that plane (see Fig. 1), the equation of 
the spiral is 

R=Ae? tne 
where A and w are constants. A only fixes the position of the 
spiral; for if we introduce 


g=—cotwlnA 


we get 
A=e —?, tan w 


and consequently 
R=e($-$0) tan o 


which is the spiral 
R= e? tan =. 


turned through the angle ¢, around the Z-axis. 

The other constant, w, determines the shape of the spiral. In 
order to get all possible values of tan w between — ~ and + «, we 
can suppose w to be within the interval —z/2 to +7/2. 

* Comptes Rendus, January 10,1910. See also G. Hale, “Notes on Solar Magnetic 
Fields and Related Phenomena,” Publications of the Astronomical Society of the 
Pacific, 22, 71, 1910. 

? Annual Report of the Solar Observatory of the Carnegie Institution of Washington, 
1909, p. 166 (24). 
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On the other hand, w is the constant angle between the tangent 
MT and the normal MN on the radius vector, both reckoned in the 
direction of the increasing angle ¢. w is negative if MT lies 
between MN and the origin, positive if MT lies on the other side. 
If w is negative, R will decrease with increasing ¢, and we approach 
nearer and nearer to the origin in following the spiral. If w is 
positive, R will increase with increasing ¢, so that we recede from 
the origin in following the spiral in the direction of increasing ¢. 

In Fig. 3 are shown various types of spirals corresponding to 
various values of w. Each separate figure contains a series of 
congruent spirals seen from the positive side of the Z-axis, with 
the origin in the center; the corresponding value of w is written 


Zz 


Y ® 


Fic. 1 Fie. 2 


above the figure. w=o corresponds to circles concentric around 
the origin. If w approaches —7/2 or +7/2 the spirals tend to 
become straight lines through the origin. 

After this review of the well-known properties of logarithmic 
spirals, we will consider an ideal vortex defined as follows: 

The whirl shall be bounded by two cylinders of revolution 
with the Z-axis as axis and with radii equal to p, and p., by the 
XY-plane, and by a parallel plane at the distance # above it. We 
consider /# small as compared with p, in order to have a flat whirl. 
The motion of the gas in the space mentioned is supposed to be 
permanent, and the trajectories of the gas particles are supposed 
to be logarithmic spirals parallel to the X Y-plane, whose projections 


on that plane are 
R=Ae? tan » 
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To fix the motion without ambiguity, we will call the velocity 
v positive if the motion corresponds to increasing ¢, negative if it 
corresponds to decreasing ¢. Thus the motion seen from the 
positive side of the Z-axis“will be clockwise for positive v, counter- 
clockwise for negative v; and the gas will approach the Z-axis if 
the product wv is negative, and recede from the Z-axis if it is 
positive, as is seen in Fig. 4. 


w>o 
w 


a —*. 2 Su liane 
ie le, 
4 a4 


Fic. 4 


Let us now calculate the magnetic action of this hypothetical 
whirl on a unit of north magnetism placed at a point outside the 
whirl. For the sake of brevity we first suppose w, v, and the elec- 
tric charge to be positive. In order to have a solenoid element 
bounded by current-lines, let us consider an element of the whirl, 
bounded by the following surfaces: 

The two planes Bre pelinen 
the two cylinders 
R=p, R=pt4p; 
He 
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and the two cylinders 
R= Ae? tan @* R= Ae et?) tan 3 


where Af, Ap, and A@ are positive infinitesimal quantities, and 
Aé and A¢ infinitesimal compared with Ap. 


R-Act* 


FIG. 5 


Let us make use of the c.g.s. system of units, and the electro- 
static system for the electric charge. The cross-section of our 


element will be . 
pA@ sin w AZ. 


If ¢ is the electric charge in a unit volume of the gas, there will 
pass as a convection current through this section in one second 


evp sin w AGAZ electrostatic units, 


and consequently 


I : 
oe A A . . 
3X0" evp sin o AGA electromagnetic units. 
If by 7 we denote the current in amperes passing through the 
element, we have 
I 
3X10? 


evp sin w ABAL, 
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On the other hand, the length of the element is 


A 
As=- i : 
sin w 


4 


Now, as is well known, the magnetic action of this current-element 
on one unit of north magnetism situated at the point M with 
co-ordinates «, y, and g will have the following components parallel 
with X-, Y-, and Z-axes: 


if ANG 


p,=— 1 — (cos B; cos y.—Ccos y; cos B) , 
ocr 
1 GANG 

py=— t— (COS y: COS a.—COS a; COS ¥2) , 
io 


t .As 

t= ae (cos a; cos 8.—cos B, cos a,) , 
where 7; is the distance from the element to the point M; ax, B:, ¥z, 
the angles between the current-element and the positive directions 
of the X-, Y-, and Z-axes; and az, B82, y2, the angles between the 
direction from (M) to the current-element and the same three axes. 


Fic. 6 


Now choose the point M in the XZ-plane (Fig. 6) so that: 
y=o. 
The co-ordinates of the current-element are 


Dp COs'0,) prsia.d, =<, 
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and consequently 


r=(x—p cos 8)?+(p sin 9)?+(2—¢)? 
and 5 oe f 
— sin ae 
cos 2 — ; cos B=? Z ) cos A= 


On the other hand, we have 
o,=-—w+6, B,=0—o, y=, 
2 2 
which give 
cos ®=sin (w—8), cosf;=cos(w—8), cos y=0. 
If we substitute the values of the angles a and 8, we get 


1 .Asnz—¢) 


beaters Fe cos (w—@) 
A 
b= =i SUE ®) sin (o—6) 
A 
p= eit cos (w—8)—p cos w}. 


These formulae are valid for e, v, and w positive. 


we change the sign of e or of v, the magnetic action will change 


direction, that is, pz, py, and p, will change their signs. 


will also be the case with z and consequently the formulae are 
valid for both signs of the quantities v and «. In an analogous 
manner we see that they are valid for all values of the angle w. 
The components of action of an element situated symmetrically 
with respect to the XZ-plane are obtained by changing 6 into —6; 


we find for these components 


A 
pi=——i : a 2 cos (w+ 6), 
he (e= 
b; ae é ®) sin (w+ 6), 
f= Zi {x 00s (o+8)— 
oe re) ix cos (w p cosa}, 
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If we introduce the values of 7 and of As and add, we get 


2 COs ApAZA 
Prt p.= Ease - (s—£) ep cos 0 _—_ s 
; 2 sin ApALA6 
Pytp= Re - (s—) epv cos 6 = : 
f 2 COs ApALA6 
bet p= nae > (x cos 0—p) epv ae “ 


From these the action of the part of the whirl bounded by the 
two planes g=t g=f+Aa 


and the two circular cylinders 
R=p, R=p+Ap 


is obtained by an integration with respect to 6, which gives the 


components 7 6 G6 
_ 2 cos w Gaens soar | cos 


CP Siler oe 


2 sin w " cos 6 dO 
lire ee ApA 
3X10" Pa PRES cf a 


2 COS w " x cos O— 
Epv seat [ ee dé. 
fe} 


Bentoe I 


Here ¢ and v are independent of the angle 6 according to the suppo- 
sition mentioned above that they are functions of p alone. 

The action of a ring bounded by the same two planes and the 
two cyclinders R=p, and R=p, is obtained by an integration with 
respect to p, which gives the components 


p 7 
2 cos wo Z cos 6 dé 
= —C)A 
ByGIOw (z g) cf ~( [ ie Ja 2 
p 7 
2 sin w cos 6 d6 
3X10" (s—) af Epv (f ra Je ) 
2 COS w a " x cos O— 
x | epv ii ee dé | dp . 
Bylo ; r 
I ° 


Here «¢ and 2 are functions of p only. 
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A final integration with respect to ¢ gives the Mees of 
the action of the whirl itself: 


h Po wT 
323 [mol fm( fee) ae 
° Py ° 


with analogous expressions for the other components. 

But here we suppose the product e€pv to be a continuous function 
of p; and the point (x,0,z) being outside the whirl, 7, is positive 
over the entire field of integration. This field being also finite, 
the succession of the integrations is indifferent, so that we can 
write more simply 


h P2 € 
_2 cos w { | { (= 
10 
3X10 3 ie & 
On the other hand, as everything is symmetrical around the 


Z-axis, we get the components in an arbitrary point (x,y,z) by 
substituting R= V 2?+-y* for «; hence 


_2 cos @ (s— (2—£) pv cos 4 ae cos 0 
eco iF I iL d6dpdé 
pe: sin toes ae ieee (z—£) epv cos 8 d6 
#7 3xt0" ss Te eo) 
° Py ° 
2 COS nen rac fe (R cos 6—p) 
bs @ cos 9—p) epv 
a ene [ { i Ds auras 
fo) Py ° 


where 


D?= R?—2Rp cos 0+ p?+ (s—)?. 


Hp is the component normal to the Z-axis, H, the component 
parallel to that axis, and H, the component normal to Hp and ie 
As regards the signs, Hr is positive in the direction from the 
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Z-axis, H, is positive in the direction of increasing z, and HH posi- 
tive in the direction of increasing ¢ (see Fig. 7). 


Z 


ie 


Fic. 7 


III. PROPERTIES OF THE COMPONENTS OF THE MAGNETIC ACTION. 
EQUATIONS OF THE LINES OF MAGNETIC FORCE IN SPACE 


Let us, in the formula for Hr, Hy, and H,, introduce the function 


Zh If I iP Epv STE: dt (2) 
3 To"? 


As the point (x,y,z) is outside the field of integration, and 


; es 6b 
consequently D>o, we obtain the derivatives aR and 2 38 follows: 


R cos @ 
a dpd€ , 
SR eae | Ip ae me 73 a] 
h p 7 
8® 2 a 8 R cos 4 4 q 
Gai ae = pd. 
8g =| | ae E { D 


j “cos 6 d6 "(p—Rcos6)d9_ | “Rp sin? 6 dd 
dR D won [ D +e Ds | Ds 
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Integrating by parts, the last integral in the right member 
becomes equal to the first and we get 


8 " R cos 6 " p—R cos 6 

é= ————— d6, 
dR { D ! nf D3 
8 Roos " (g—£) cos 6 dO 
bz ee j D3 ; 


This ee us 


a ie ie { (p— OER EY 6d nde 
me 
(2—€) epv cos 9 ee cos 8 P 
a -8 I it LIES: 


and we can therefore write 


Further 


cos w 6®@ 

a ESR ra eo: 
sin wo 6® 

Hy=——2— (3) 
cos w 6®@ 

St areas 


From this it is easy to find the lines of magnetic force in space 
outside the whirl. These are the integral curves of the system 
de _dy_@& 
Heh, Ae: 
where H,, Hy, and H, are the components of the magnetic force, 


parallel to the X-, Y-, and Z-axes respectively. 
But we have 
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and if we take R and ¢ as variables instead of x and y, we have 
xdx+ydy=RadR , 
xdy—ydx= Redd . 
dx _dy_ xdx+tydy _xdy—ydx dz 


H, Hy xH,+yH, xH,—yH, H, 


Hence 


and from the last three equations we get 


which are the differential equations of the lines of force in the vari- 
ables R, ¢, and z. 
Now if we substitute in the equation 


the above-developed expressions for Hr and H4, we get 


af = —cot wo dd, 


which, integrated, gives us 
R= Beto, (4) 


B being a constant of integration. 
On the other hand, if we substitute in the equations 


dR_ds 
Tinea; 
the values of Hr and H,, we get 


dd Xo) 
aR dR+ dz=0 
and ® being a function of R and z only, we can integrate and 


obtain 
=C (5) 


where C is a constant. 
79 


14 CARL STORMER 


From equations (4) and (5) we have the following fundamental 


theorem: 

The lines of magnetic force due to the spiral whirl are curves in 
space lying on the surfaces of revolution B=C. Their projections 
on the plane of the whirl are logarithmic spirals cutting the current- 
lines of the whirl everywhere in right angles. 


IV. FIRST APPLICATION TO THE THEORY OF SOLAR 
VORTICES 


Let us first consider the various cases that can occur for differ- 
ent signs of w, v, and e. In order to find the signs of the integrals, 


let us consider 
” cos 6 dO 
D3 Z 


D?= R?—2Rp cos 6+p?+(z—£)?. 


where 


This integral may be written 


" cos 6 es = cos 6 d0 " cos 6 dé 
\ D3 wom [ D3 + Tp 


2 


By taking 6,=7—6 as variable in the last integral, we get 


cong “ cos 6 d6 = cos 6, dd, 
je sie po 


D:=R’+2Rp cos 6+ p*+ (20). 


where 


But for 9=6,, and different from 7/2, we have D,>D and there- 
fore the first integral will be greater than the second, that is, 


" cos 6 dé 
D3 >o 
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On the other hand, ¢ and v have the same sign throughout the 
whirl, and if we are on the positive side of the XY-plane and above 
the whirl, s—¢ will be positive. Farther along the Z-axis, we 
have af 


h Po T 
eu _ _2 cos €p7v 
ie — Hy mae 3 x =) if ‘i D3 dOdpdé ° 


Hence, from this equation and from equation (1) we conclude 
that: 

Hp and H,, will have the opposite sign to ev, and Hy the same 
sign as Ewv. 

We will apply this to solar vortices around sun-spots, assuming 
that the hydrogen flocculi represent lines of magnetic force due 
to a whirl in a lower level of the sun’s atmosphere. We will choose 
the Z-axis along a solar radius, with its positive direction pointing 
away from the sun’s center and toward the observer. For differ- 
ent signs of €, w, and v, we have the 8 combinations shown in 
Table I, with corresponding signs for the components He, H,, 
and A... 


TABLE I 

€ co) v HR Ag Bo 
1S SAR O I D EEO ABE One as ar ar = + = 
G4 POOROCeODSD OGCSE BUC ar = _ +. _ + 
Ch Seah Ss OeETee =e - a _ = on 
Mo owcgoudoces wOGORO ofa an — = os + = 
Wei te 6 SO  S esa ee - + + + ah 
Dh.cocig sah eg obo nes OUsOr = + - — ate ae 
Pah Pes ae nach ded - — + + te + 
Soossbas soovadsoubomo out = - — — = es 


This gives the diagrams shown in Fig. 8, where the whirl is 
seen from a distant point outside the sun. The current lines are 
plain curves with arrows in the direction of motion, and the pro- 
jection of the lines of force situated between the whirl and the 
observer are dotted lines with arrows in the direction of the mag- 
netic force. When these last arrows point to the center, H,. is 
negative and the magnetic force along the Z-axis is directed away 
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from the observer; when they point out, that force is directed 


toward the observer. 


eav ft 


N 
nay iano 


-- 
Se 
‘ 
‘ 
‘ 


Fic. 8 


We now have to find which of these 8 cases corresponds with 
the observed facts. This can be done by combining Hale’s classical 
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researches on the Zeeman effect with the recent investigations on 
radial motion in sun-spots by St. John.t 

In his paper “The Probable Existence of a Magnetic Field in 
Sun-Spots”’ Hale states the following facts: ‘‘The magnetic force 
in the center of the whirl is directed toward the observer, when the 
direction of motion indicated by the hydrogen flocculi whirl is 
clockwise, and directed away from the observer, when the direction 
of motion is counter-clockwise.’” 

The meaning of the definition of clockwise and counter-clock wise 
motion will be seen’ in Fig. 9. There is here no question about 
direction of motion along the current- 
lines; the definition is purely geometri- 
cal. According to this, cases Nos. 1, 4, 
6, and 7 must be rejected. On the 
other hand, through the recent re- 
searches of St. John,‘ the existence of a 
whirl at a lower level giving the Zeeman 
effect and causing the observed arrange- i eae 
ment of the hydrogen flocculi at the Clockwise 


higher levels is rendered extremely — 
probable. In this low-level whirl, Re 


probably situated at or below the levels 
oo and ooo in the figure in St. John’s 
paper, St. John finds a motion outward 
from the axis of the whirl. This ex- 
cludes cases Nos. 2 and 3, and thus 
only cases Nos. 5 and 8 remain as cor- ON 
responding to observed facts. In both Counter-clockwise 
cases € is negative, that is to say, we Fic. 9 
come to the same conclusion as Profes- 
sor Hale: The Zeeman effect is due to a whirl of negatively charged 
electric particles. 

This whirl, however, is distinct from the observed hydrogen 
whirl, and is situated in a much lower level of the sun’s atmosphere. 


I Mt. Wilson Contr., No. 69; Astrophysical Journal, 37, 322, 1913. 

2 Mt. Wilson Contr., No. 30; Astrophysical Journal, 28, 315, 1908. 

3 Op. cit. 4 Mt. Wilson Contr., No. 69; Astrophysical Journal, 37, 322, 1913. 
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The sign of electricity in the whirl being determined, we have 
to choose the probable value of the angle w, which determines the 
form of the current-lines. This can be done by comparing Fig. 10 
with a series of photographs of hydrogen flocculi whirls taken at 


EYG: 10 


Mount Wilson. It will thus be seen that values of w lying between 

15° and 25°, or between —15° and — 25°, agree well with the reality; 

the dotted lines must then be identified with the hydrogen flocculi. 

The current-lines and projection of lines of magnetic force (hydrogen 
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flocculi) for the values = 20° and w= —20° are shown on a larger 
scale in Fig. 11. This agrees well with the strong magnetic effect 
shown by solar vortices where the structure of the hydrogen flocculi 
is nearly radial; for the more nearly radial this structure is, the 
more nearly treater are the current-lines of the whirl. 

In order to get some idea regarding the amount of electricity 
in motion in the whirl, more quantitative calculations are necessary. 


w=— 20° wm 20° 


———__ went lire of the whirl in the lower levels. 
SooGs2aRSEE Projection of the lines of magnetic force [hydeogen flocerli), 
Fic. 11 


For the sake of simplicity we will put forward another hypothesis con- 
cerning ¢ and vas functions of p, as will be seen in the next paragraph. 


V. HYPOTHESIS REGARDING THE PRODUCT €p9v’ AND THE CORRE- 
SPONDING FORMULAE FOR NUMERICAL CALCULATIONS 


We will now, for the sake of simplicity, make the following 
assumptions: 

t. The density of the gas in the whirl shall be constant through- 
out the whirl, and the charge e proportional to the density; that 
is, € is supposed to be a constant. 

2. The velocity v shall be inversely proportional to the distance 
p from the axis. This hypothesis, as already known, was made by 
Guldberg and Mohn for the outer part of terrestrial cyclones. 
Thus ¢pv will be constant throughout the whirl. Let us put 


Epy 
3 x Io%? 
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Hence 


h p 7 
3 pe ) 
Hr=—2¢ cos -{ j if SS d6dpdé 
° PI ° 
$= 2¢s5in af ie ie GeO’ a cos d6dpdé 
h p 7 
2 A= 
H,= 2¢ cos -{ if i cca d0dpdé 
° Py ° 


ae 


D?= R?—2Rp cos 0+ p?+ (z—£)?. 


and 


where 


We now have 


2—C I 
if ans dé =p tT constant ; 


@— 
if aes dp = t constant . 


Hence we may write 


Hr=—2¢ cos » [f (k)—f (0}] 
Hy= 20 sin o [ff] 
H,= 2¢ cos  [g(p.)—g(p;)] 


where 


fQ= {i i 25-6 abadp g(p)= if i ee 


(6) 


(7) 
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But we have further, /m being the natural logarithm, with base 
= 2.71028). 6 ast 


2 a 
if Do In (p—R cos 6+D)-+ constant , 


if o —In (z—£+D)-+ constant , 


which gives 
SO =f(e2, 2)—flex, £) 5 


g(p)=g(p, h)—g(p, 0) ’ 
where 


fe, = if In (p—R cos 6+D) cos 6 dé 
. (8) 


Kodr=— In (2—€+D) dé 


Substituting into the expressions for the components, we 
finally get 


Hr=—2¢ cos w [f(p2, h)—f (p1, hk) —f(p2, o) +f (p:, ©)] 
Hs= 2c sin o [f(p., h)—f (or, h)—f (p2, 0) +f (1, 0)] (9) 
H,= 2c cos» [g(p., h)—g (p:, 4) —g(p2, 0) +8 (p:; 0)] 


For each system of values, R,2,p,¢, the integrals f(o,f) and 
g(p,¢) can now be easily calculated numerically. Integraphs and 
planimeters may be employed, or the approximate formula of 
Simpson, which is well known. 

We thus have the means of calculating in every case the mag- 
netic field in space outside the whirl. 

If the point (x,y,z) be on the axis of the whirl, R is zero and 


D?=p?+ (s—¢)? ’ 
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which gives 
Ff (p,6)=ln td) { cos 6 dé=o, 
g (p,£)=—7 In (z—€+D) . 

Hence Hr=o, Hy=0, and H,=H, where 


(s—ht+V (g—h)?+p2) (2 +V 27+ p?) 


(z—h+ V (2—h)?+p?) (s+ V 2+?) (10) 


Ay»=—27¢ coswln 


It will be interesting to obtain a verification. Let # and k 
be infinitesimal, and 


=p+k, pr=p, o=o. 


If we put 
V P+27=u 
we have 
a—h+V (2—h)*+ (e+k)= 
pestg ts hdl PLE! © eraeaee 
+u)| x et (stu)u WER PSL i 7 lager 
iS ee ok 
Hence 
ing ALY GHB TE) SP Py er ee 


2—h+V (2—h)?+p? ~ Gua ui (e+u)us 
This gives 


n atV e+e = eee wusts 4 
s+ V 2+ (p+)? (s+u)u (z+u)us pee 


and finally 
ie — ee == Phkt+ . 
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where 
__ &pv 
3 x ror? 7 


If we suppose e€ and y to be positive, ekku electrostatic units 
will pass through the cross-section of the current in one second, 
which corresponds to a current of 


ie ehkv 
~ 3X70? 


amperes. If we introduce this value, 


and this first term represents exactly the magnetic action in the 
point (0,0,z) of the circular current whose section is the infinitesimal 


Z 


vi 
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product #k, and where the direction of the current is that of 
increasing ¢ (see Fig. 12). 


VI. SPECIAL CASE IN WHICH THE THICKNESS OF THE WHIRL IS VERY 
SMALL COMPARED WITH ITS DIAMETER 
We will now consider the special case in which the thickness 
of the whirl is very small compared with its diameter. Then for 
points («,y,z) not very near the whirl, we can put 


f(p,h) lp (p,0) =hf'(p,0) ? 


g (p,h)—g (p,0) = hg" (p,0) ) 
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where f’(p,o) and g’(p,o) are the partial derivatives and ip for 
the value (=o. 
Now 


Pe esa Mae d We Se 4 cos0d6 =, , [ "d6 
f'o,)= || Sup roo= f " 
and 
, OF ‘ cos 6 d0 be " (p—R cos 9) cos 6 dO 
F(p,0)= ‘| (p—R cos 0-+D.)D, -+{ (R? sin? 0+2)D, 


"16 
roo | Ds ; 


where 


D2= R?—2Rp cos 6+p?+2? . 
This must be substituted in the formulae 


Hr=—2ch cos » [f'(p:, 0)—f" (px, ©)] 
Hy= 2ch sin » [f'(p., o)—f"(p1, 0)] (11) 
H,= 2ch cos » [g"(p., 0)—g"(p1, ©)] 


The same result can also be obtained by starting from formula 
(6), and considering / as infinitesimal. Then 


Po us 
pm = 3h cose if if = Obie 
Py ° 


and an integration with respect to p gives the foregoing result. 
The function ® can easily be found in this case. We have 


a ff 


d 
i @ =Iln (p—R cos 6+D,)+ constant , 


and as 


9° 
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we get 
= 2chR (f(p2, 0)—f(p1, 0)) (12) 


where the function /(p,¢) is given by equation (8), when D=D,. 

The integrals occurring in the formulae for the components 
can be expressed by elliptic integrals of the first and second kind; 
but only the reduction of the integral for g’(p,0) is sufficiently 
simple to be of any importance in the present problem. The 
integral in this case simplifies by the well-known substitution? 


ar 6 
2 2 


= 


as follows: 


; d6 ia (poe 
4 V R?—2Rp cos 0+p?+22 A ps V 1—F? sin? w oP 


where 


2 ___4Kp yy (Ra 
k = RA A=V (R+p)?-+27. 
As this integral is well tabulated in Legendre’s Traité des 
Fonctions Elliptiques (Paris, 1826), 2, 223, the calculation is rather 
easy. 
The other integrals are most conveniently computed by Simp- 
son’s formula, or by machines. 


VII. NUMERICAL APPLICATION TO A SOLAR VORTEX 


We will now apply the preceding formula to an ideal solar 
vortex, in order to see how many of the observed facts can be ac- 
counted for. 

According to the researches mentioned above by St. John, the 
vortex giving the Zeeman effect is probably situated at a level 
of the sun’s atmosphere equal to or lower than the level Fe, oo, 
where the pressure is probably about 10 atmospheres. As the 
pressure increases very rapidly in descending into the sun’s atmos- 
phere, it seems probable that the thickness of the outflowing whirl 


t See, for instance, Appell, Traité de Mécanique Rationnelle, 3, chap. xxxv. 
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in question can be only a very small fraction of the diameter indi- 
cated by the hydrogen flocculi whirl in the upper levels. This is 
also analogous to terrestrial cyclones, whose thickness is very small 
compared with their diameter. In other words, # must be very 
small compared with p,. As to the size of p; compared with h 
and p2, we can make a probable assumption by starting from the 
fact observed by Hale, namely, that the magnetic effect of the 
vortex decreases very rapidly upward along the axis of the vortex, 
so that there is only a very small fraction of its original value 
when we come to the level of 5000 miles above the photosphere. 
In order to do this, we will start from the formula 


(2—h+V (2—h)?*+p2) (2+V 2+?) 
(—-h+V (g—h)*+p2) (2+V 2+) * 


Hy=—27coseln 


This gives 


ee COS 
dz : 


Tar tea I eae I 
Verte: V@—hy+e2 Vetp: V (2—h)+p3 


The geometrical signification of the radicals will be seen in Fig. 13. 


Fic. 13 


On studying this figure, it will be seen that if we choose h 
small compared with the elevation of the high levels of the sun’s 
atmosphere, and, on the other hand, suppose p, to be of the same 
size as, or smaller than, #, the magnetic force at these high levels 
will be only a very small fraction of what it is at the level s=h. 
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We will choose as a numerical example 
h=pr=500 km=5X107cm, p.=50,000 km=5 X10? cm. 


The last value is chosen to correspond with the size of the observed 
hydrogen whirls around sun-spots. 

Further we take w=20°. With regard to the constant c, we 
will start from the value of about 3000 gausses observed in sun- 
spots by the Zeeman effect, and suppose that this is the value of 
Ho for z=h. We then get c=—583.1. Starting from these values 
we find the following values of H,. along the Z-axis: 


sinkm H,. in Gausses zinkm H,, in Gausses 
0-08 onrdoncte tata a ee RO 3000 TOsOOO Steere erate 142.6 
TOOON pars toe acer IQOI 2O\OOO Wan steno eee 55-33 
POOOM nse eS ee EI 916.7 30000 ,e ss oat a ate 28.46 
PROOO IA Ae sane Sie oes ates ots 583.2 AO;0OO Wage nf lien 16.48 
eee mis iaoeesee to esooe 318.4 Roe ere lmIn oie OE Ue Oo oo Ox 10.62 


A probable system of values for h, px, p2, #, and c being found, it 
is of the greatest interest to compute the magnetic field above the 
spot. We have done this for each point encircled in Fig. 14. 


50,000 
40,000 
30,000 
20,000 


10,000 


° 20,000 40,000 60,000 80,000 100,000 
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We have used the formula given in Section VI for the case in which 
h is small compared with p,. In the following paragraphs we will 
give these computations in detail. 


VIII. COMPUTATION OF THE COMPONENTS H; AND He 


We have ie 
H,=4he¢ cos » "x 
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where the subscripts 1 and 2 denote the values for p=p; and p=p2 
of the functions 


AGEN er 
a arate ° V1—F sin? py’ 
where 
k= 4 [acu 4 Ree 
(R+p)?+2 
and further 
h =5X10! w= 20° 
Pr=5 X10" ¢=— 583.1; 
P2=5 X10? 


By means of Legendre’s well-known tables, we find the results 


given in Table IT. 
TABLE II 


VALUES OF Hz 


Rin Km 

ein Kem | TT | TL 
10,000 | 20,000 | 30,000 | 40,000 | 50,000 | 60,000 | 70,000 | 80,000 | 90,000 | 100,000 
50,000....| 9.47| 7.89] 5.84) 3.84 |+2.22!+1.09]+0.39|+0.01|/—0.17/—0.25 
40,000....| 14.98] 11.74] 8.01] 4.64 |+2.18]/+0.68]—0.08]—0. 39|—0. 48] —o. 38 
30,000....| 24.86] 18.09) 10.94) 5.22 |+1.51|—0.31|—0.92| —0.99|—0.88] —0. 73 
20,000....| 44.84] 28.27! 14.49] 4.85 |—0.65|—2.34|/—2.21]—1.73|/—1.31/—0.99 
10,000....| 87.65] 42.00] 17.72] 2.33 |—6.58|—5.95|—3.76|—2.43|—1.66|—1.18 


The calculation of the other component, Hr, has been much 
more arduous. We have used Simpson’s formula for the approxi- 
mate computation of the definite integrals: 


b 
h 
if f()dx= 3 [vot 4y:+ 2y2+4y;+ 29+ SIONS c + 2Yn—2+4Yn—1 Val 5 


a 


where the interval of integration b—a is divided into parts, 
each of them equal to /, and where yo, y:, yo. . - - Ya—z) Yn are the 
values of f(x) for the points of division. Now 


Hr=— 2chz cos » [Y,—Y,] 
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where Y, and Y, are the values for p=p, and p=p, of the integral 


r-{ (p—R cos 9) cos 8 0 


* (R? sin? 0+27) D ; 
and 
D*= R?—2Rp cos 0+p?+2?. 
Here the interval from o to w has been divided into 12 parts, 
which has involved the calculation of the function under the sign 


of integration for each combination of the values mentioned above 
of R,z, and p, with the values 


GxO"- 35, $0, 455 «wes 150% 10S e180 -c 
As the value of He is not affected if we divide each of the quanti- 
ties R, Z, p:, p2, and hk by the same number, that is, if we choose 


another unit of length, we have chosen / as this unit. The values 
of the quantities will then be 


h=1, pPr=1, p,=I00 
R= 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 
Z= 20, 40, 60, 80, 100. 


The calculation has been made with the ‘‘ Brunswiga’”’ machine. 
The results for the function 


(ep—R cos 9) cos 8 
(R? sin?6+-27) D 


were integrated by Simpson’s formula. Multiplication by the 
constant — 2chz cos w gave finally the results shown in Table III. 


TABLE III 
VALUES OF Hr 


Rin Km 
zin Km 

10,000 | 20,000 | 30,000 | 40,000 | 50,000 | 60,000 | 70,000 | 80,000 |} 90,000 | 100,000 
§0,000....| 2.12 | 3.69 | 4.44 | 4.44 | 3-95 | 3.20 | 2.47 | 1.86 | 1.37 | 0.73 
40,000....| 3.82 | 6.37 | 7.24 | 6.79 | 5.61 | 4.20 | 2.99 | 2.08 | 1.45 | 1.02 
30,000....| 7.50 [11.65 |12.25 |10.57 | 7.93 | 5-30 | 3.36 | 2.15 | 1.40 | 0.91 
20,000... .|17.04 |22.71 [21.17 |16.58 |10.92 | 6.12 | 3.33 | 1.90 | 1.15 | 0.73 
10,000... .149.68 |45.86 |35.56 |25.48 |13.83 | 5.30 | 2.28 | 1.16 | 0.66 | 0.42 
se se aL I ee ee ee 
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Hs=—Artano, 


tan w=tan 20°=0. 36397, 


we find the tabulated values of Hy (Table IV). 


TABLE IV 


VALUES OF H¢ 


77|\— 1.34/— 1.62|—1.62/—1.44|—1.17|—0.90|—0.68]—0. 50|—0. 27 
39/— 2.32/— 2.64)/—2.47/—2.04/—1.53]/—1.09|—1.76|/—0.53|—0.37 
73 
2 


10,000 


20,000 


Rin Km 


30,000 | 40,000 | 50,000 | 60,000 


70,000 | 80,000 | 90,000 | 100,000 


— 4.24/— 4.46/—3.85|—2.89|—1.93|—1.22|—0.78]—0.51|—0.33 
.20|— 8.27|— 7.70|—6.03/—3.97|/—2.23|/—1.21|—0.69|—0.42|—0. 27 


18.08|—16.69]|—12.94| —9.27|—5 .03/—1I.93|—0.83] —0.42|—0.24|—0.15 


By means of these values we can calculate the magnetic force 


H=V H+Hi+H3 . 


TABLE V 


VALUES OF H 


zin Km 


50,000.... 


40,000.... 
BOLO nie 
20.000. sta 
TOLOOO nr 


The component in the meridian plane through the axis of the 
whirl has the components Hz and H, and is everywhere tangent 
to the curves 6=constant, where ® is the function given by 


10,000 


equation (12). 


20,000 


Rin Km 


30,000 | 40,000 | 50,000 | 60,000 


26.79] 18.30] 11.64 6.92 
41.78] 27.21] 16.13] 8120 
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70,000 | 80,000 | 90,000 | 100,000 


I 12 yi 
2 =.61 
3-69 | 2.49 | 1.73 
2. 1.79 
2 1.81 


.8I 
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The component in the meridian plane for some of the points 
(R,z) in the tables mentioned above is shown in Fig. 15. It will 


be seen that the magnetic force decreases rapidly upward from 
the whirl. ‘ 


Seale of magnetic force. 


100 CGS. 


Spo0o km. 


- ~ i \ \ 1g / i xe 7 - 
i ee, = a 


eT eee 
Pees ee eee 


tooge kane 


50000 hm. 


0 
Magnetic field of a solar vorten. 


FIG. 15 


IX. CALCULATION AND CONSTRUCTION OF THE LINES OF FORCE 


We have seen that the lines of force in space are the curves 
of intersection between cylinders through the logarithmic spirals 


R=Be-? cot w 
and the surfaces of revolution, whose meridian curves are 
o=C. 
In the case in question we have 


b=2 chR [f (p., 0) —f (p:, ©) | 
where 


soa { In (p—R cos 6+D) cos 6 dé, 


D?= R?—2Rp cos 6+p?+2?. 
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In order to draw the lines ®=constant, the following method 
has been used: For the computation of the integral by Simpson’s 
formula, we have first computed the function 


log (p—R cos 9+ D) cos 9, 


where the logarithm is to the base 10 and where p, R, 2 have the 
values given before, with / as unit of length. 
If we denote by 


Voy Wry Voy + 2 2 s Veo 
the values of this function for 
Mi Omi0, 15) 30 AS je OS aNd a OOM 


and S, and S, the values of the expression 
Yot4yit2y+4yzt+ ...- +4¥ntyn 


for p=p, and p=p., we then have approximately 


7 


25 s={ log (p:—R cos 6+D,) cos 6 dé 


us 


A sm f log (p:—R cos 6+D,) cos 6 dé 


where D, and D, are the values of D for p=p, and p=p,. As 
log A=log e - In A=0.43429ln A 


where e is the base of the hyperbolic logarithms, we get approxi- 
mately ' 
ach 


~ 78 loge -R (S.—S;) x 


Thus the function R(S.—S,) is a function of R and of z, which 
differs from the function ® only by a constant factor and this even 
if we express R, €, px, p2, and h with h as unit of length. 

Thus the curves @=constant are identical with the curves 
,= constant, where $,= R(S,—S,), if Simpson’s formula is assumed 
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to be accurate enough for our purpose. From this we have then 
drawn the curves with R as abscissa and ®, ordinate, and where z 
has a constant value for each curve. 

The points (Ro, 2.) and (Rox, 2) where ® has a given value, 
®,, can then be found graphically by the intersection of the curve 
and the line =, (Fig. 16). Similar curves have been drawn 
with z as abscissa and ® as ordinate, for controlling the results. 
This has finally given enough points for the construction of the 
curves ®,= constant. 


%, 


Fic. 16 


In order to control the results, the function ®, has also been 
calculated for z=o0, in which case the integrals can be reduced to 
elliptic integrals of the first and second kind by a partial integration. 

The curves ®,= constant are seen in Fig. 17, and the directions 
of the components of magnetic force in the meridian plane are also 
given. It will be seen that the agreement is fairly good, in spite 
of the approximate method of computation and construction. 

With the aid of the curves ®,=constant and the logarithmic 
spirals 

R=Be-? ot» ; 


where B is a constant and w= +20°, I have constructed wire 
models of the lines of magnetic force in space over the whirl. The 
dimensions are the same as for the case already mentioned. 
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In Plate IV are seen some stereoscopic representations of these 
models for the case w= — 20°, viewed from various points. On the 
base are drawn the current-lines, and the lines of force in space are 
supported by dark pins¥standing perpendicular to the plane of the 
whirl. 

If we compare the curves ®,=constant with the well-known 
spectroheliograph pictures of calcium prominences around a sun- 
spot at the sun’s limb, shown by Professor Slocum in his paper* 
“Attractions of Sun-Spots for Prominences,” a very striking 
resemblance appears. It seems asif these prominences are arranged 
along lines of magnetic force from a whirl round the sun-spot. 


X. THE MAGNETIC FIELD ROUND A BIPOLAR SPOT-GROUP 


Let us now consider two whirls and their combined magnetic 
field of force. For simplicity we will suppose that each of the 
whirls is of the kind just mentioned, and that they are lying in the 
same plane with parallel axes perpendicular to the plane. The 


A A 
Fic. 18 
aa B 
Fic. 19 


magnetic resultant force in each point of space over the whirls can 
then be found by the parallelogram law, because we know the 
force due to each of the whirls considered separately. 

The graphical method used for finding the resultant components 
at a given level above the plane of the whirls is as follows: on a 
sheet of tracing paper are marked the components of the magnetic 


t Astrophysical Journal, 36, 265, 1912. 
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force due to the whirl A (Fig. 18), and on another sheet the com- 
ponents due to the whirl B (Fig. 19), both components for points 
along a radius vector in the selected level z=constant. The two 
sheets are then placed with the points A and B coinciding with the 
centers of the whirls (Fig. 20), and turned to produce coincidence 
of the points M and N on the sheets. On a third underlying sheet 
of tracing paper the points M and R are marked by pricking with a 
pin, and the resultant force MR is then constructed. 


Fic. 20 


Fic. 21 


With regard to the calculation of the resultant force the neces- 
sary formula may be developed as follows: Let us consider a given 
plane parallel to the plane of the whirls, and let A and B be the 
points where the axes of the whirls intersect this plane. Let 7 be 
their mutual distance. Let M be a point'in the plane and Hp, 
H,, and H, the components at M due to the whirl with axis A, and 
Kr, Ky, and K, the components due to the whirl B. Let us finally 


I02 
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denote the distances AM and BM by p and g and the angles MAB 
and MBA byaand 8. Then 
P+r—s 

Yh ae 
e+r— p? 

oF 

If we choose a system of rectangular co-ordinates with the 
origin in the center of the whirl A, and the X-, Y-, and Z-axes 
parallel to AX (perpendicular to AB, see Fig. 21), to AY, and to 


cos a= 


cos 8 = 


Fic. 22 


the axis of the whirl, and if we denote by P,, Py, and P, the com- 
ponents of the resulting magnetic force at the point M, parallel 
with the X-, Y-, and Z-axes, we find 


P,=Hr sin a—H,4 cosa+Kep sin B+ Ky cosf, 
P,y=Hrcosa+Hy sin a— Kp cos B+K¢ sin B, 
Pe=H,--K,. 
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For the practical computation of Pz, Py, and P,, sin a, cos a, 
sin B, and cos #6 can first be calculated. If, for instance, r= 10,000 
km, the distances p and g have the values: 


10,000, 20,000, . . 


. » 90,000 and 100,000 km, 


and we obtain the values in the following tables corresponding to 


the numbered points in Fig. 22. 


The values of these functions will 


be useful for the calculation of P,, Py, and P, in special cases. 


TABLE VI 
g= 100,000 
% p 
100,000 | 90,000 80,000 70,000 60,000 50,000 40,000 30,000 20,000 10,000 
SING at ©.8660]0.8930/0.9165/0.9367/0.9539/0.9682/0.9798]0.9887|0.9950/0.9987 
COS@...... ©. 5000/0. 4500/0. 4000/0. 35000. 3000/0. 2500/0. 2000/0. 1500/0. 1000}0.0500 
BIN [ss ccoc 0. 8660]0. 8037/0. 7332/0.655710.5723/0.4841/0. 3919/0. 2905/0. 1990/0.0998 
COSiBie ney ©. 5000/0. 5950/0. 6800/0. 7550/0.8200/0.8750/0.9200/0.9550\0.g600/0.9950 
Point no...]| I 2 8 4 5 7 8 9 10 
TABLE VII 
£=90,000 
? 
90,000 80,000 70,000 60,000 50,000 40,000 30,000 20,000 
SUM es see ©.8315] 0.8549] 0.8741] 0.8888] 0.8980] 0.8992) 0.8843] 0.8181 
COS@.. 2. .....- 0.5556) 0.5187] 0.4857] 0.4583] 0.4400] 0.4375| 0.4668] 0.5750 
SUB wes psec 0.8315] 0.7599] 0.6798} 0.5924) 0.4988] 0.3095] 0.2947| 0.1814 
COSTBER a crrmia ae 0.5556] 0.6501] 0.7334] 0.8056] 0.8667) 0.9167) 0.9556] 0.9834 
Pomnt-noney ee II 12 13 14 I5 16 17 18 
TABLE VIII 
g=80,000 
5 
80,000 70,000 60,000 50,000 40,000 30,000 
SU Ost eae ee 0.7806 | 0.7945 | 0.8000 | 0.7924 | 0.7599 | 0.661 
COCs cehwadaatod cathe ot 0.6250 | 0.6072 | 0.6000 | 0.6100 | 0.6500 Bees 
SUNS Arve acne hae cee 0.7806 | 0.6953 | 0.6000 | 0.4953 | 0.3799 | 0.2480 
COS) Bi srac cine lonsaeiae eee: 0.6250 | 0.7187 | 0.8000 | 0.8687 | 0.9250 | 0.9687 
IA INEINON., Suis bine au Shes e 19 20 21 22 De 24 
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TABLE Ix 


g=70,000 


TABLE X 
g=60,000 
p 
60,000 50,000 

UTM A EAy ron eee he eee 0.5528 0.4560 
SUSCB ou sab gnooseac 0.8333 0.8900 
SING tetera cierkorace 0.5528 ©.3799 
COSID Gare eeR Corer 0.8333 0.9250 
BOmEeE NO oe ese 29 30 


XI. SOME SIMPLE CASES OF BIPOLAR SPOT-GROUPS 


There are two interesting cases which we will study in greater 
detail, namely, the case of two identical whirls, and the case of two 
equal and opposite whirls. In both cases there is a certain sym- 
metry in the arrangement of the lines of force, and their projection 
on the plane of the whirls. 

First case: two identical whirls —Let us consider the compo- 
nents P, and Py and their resultant P, in a plane parallel to the 
plane of the whirls. Let C (Fig. 23) be the middle point of the 
line AB joining points A and B where the axes of the whirls cut the 
plane. Let M and M’ be two points in the plane situated sym- 
metrically with regard to C, and let us denote by accents the 
letters corresponding to the point M’. We then have 
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which gives 
P!=—Hrsina+H 4 cos a—Kr sin B—Ky cos B= —P; 
P)=—Hr cosa—Hy sin a+ Kr cos B—Kg sin B=—Py, 

ie., the component Pj, in the point M’ is obtained by turning the 


component P, in the point M through an angle of 180° around C as 
center. 


Fic. 24 


In Fig. 25 are seen the directions of the components P, in 
a plane, corresponding to the level 20,000 km over the two 
whirls in the sun’s atmosphere. For the two identical whirls 
we have chosen case No. 5 of Fig. 8, with 
h=500 km, w= 20° 
Pr=500 km, c=—581.3 
P2=50,000km, r=100,000 km. 
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Second case: two whirls corresponding to cases Nos. 5 and 8 in 
Fig. 8.—¥For the whirl A we have ¢ negative and w and 2 positive, 
and for the whirl B, 


S =€, o=—o, y=—v, 


consequently 
c'=pe'v)=—c. 


Further, for both whirls /, p;, and p, are supposed to be the same. 
Let us consider (Fig. 24) as before a given level above the plane 
of the two whirls, and let CD be the perpendicular through the 
central point C of the line AB. Let M and M’ be two points 
situated symmetrically with respect to this line, and let us denote 
by accents the letters corresponding to the point M’. 
We have 


a’=B, p=a, 
Further by formula (11), He positive, Hy negative and 
Hh=—Kr, Kh=—He 
Hi= K,, Ki= Hg 
we find 
P'=+Hp sin a’—H}$ cos «’+ Kk sin B’+ Ky cos 8’ 
=—AHrsin «+H, cosa —Krsin B —Ky cos 8B =—P, 
and 


P) =H? cos a’+H}, sin a’— KR cos B’+K¢ sin p’ 
=Hrcosa+Hy sine —Krcos B+Ky4 sin B =P,. 


Hence the straight lines passing through M and M’ in the direc- 
tion of the force lie symmetrically with respect to the line CD. 
If M is on the line CD, we have 


Hr=—Kr, Hy=K3, a=B 


and . 
P,=0, Py=2R cos a+2Hy sna, 


i.e., the component P,; is parallel to the line AB. 
In Fig. 26 are seen the directions of the component P, in 
a plane corresponding to a level of 20,000 km, in the sun’s 
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atmosphere, where the hydrogen flocculi are probably to be found. 
The dimensions and the distance of the whirls are chosen as in 
the first case. 

It is naturally of considerable interest to compare this with 
spectroheliograms of bipolar sun-spot groups. This will be done 
later, when more material has been obtained. 


XII. THE ELECTRIC CHARGE OF THE SOLAR VORTEX AND THE 
ELECTROSTATIC FIELD OVER IT. DIFFICULTIES IN EXPLAINING 
THE ABSENCE OF THE STARK EFFECT. HYPOTHESIS OF GAL- 
VANIC CURRENTS 


We have seen that the charge of the low-level whirl probably 
causing the Zeeman effect is negative. The value of the constant 
c will give us the means of determining this charge and of calcu- 
lating the electrostatic field in space over the whirl. We had, by 
definition (see Section V), 


ie pev 
ax Tor” ) 


where ¢ is the charge of electricity in 1 cubic cm of the whirl, 
measured in electrostatic units, and p and v two corresponding 
values of the distance from the axis and the velocity of a gas- 
particle of the whirl, measured in the c.g.s. system of units. 
€ was supposed constant throughout the whirl. 

If we measure directly the velocity at a given distance from the 
axis of the whirl, we can compute pv, and c being known from the 
Zeeman effect, we can find e. 

Let us make an estimate of the probable value of the charge 
e. As stated in his paper “Radial Motions in Sun-Spots,’” 
St. John has found, at the level Fe, 00 and at a distance of 11,250 
km from the axis, an outward motion of about 1 km per second. 
If we assume the current-line to be a logarithmic spiral correspond- 
ing to w= 20°, the velocity will then be 


Io 
v=-— 5 cm 
sin 20 


1 Mt. Wilson Contr., No. 69; Astrophysical Journal, 37, 322, 1913. 
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ie., about 3X105 cm. If we choose the value of ¢ determined 
in Section VII, namely, c=—583.1 we find e=—0.052. From 
this we can compute the number JV of corpuscles to a cubic cm 
of the gas, as we know the elementary charge of a negative cor- 
puscle, which is' —4.65X107%°. We then find V=1.1X 10%. 


Z 


ve 


Fic. 27 


Let us now compute the electrostatic field above the whirl. 
Consider an element of the whirl bounded by the planes (Fig. 27) 
= ‘ ? O= C+AC ’ 


the planes 


oe 
ll 
> 


b=0+A0, 


and the cylinders 
R=p, R=p+Ap. 


The volume of this element is equal to pApA@A¢ and its charge is 
epApAbAt. 

Let 6E,, 6Z,, and 6H, be the components parallel to the axes 
OX, OY, and OZ of the electrostatic action of this element on one 


*See Rutherford, Radioactive Substances and Their Radiations, § 20, Cambridge, 
1913. 
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electrostatic unit of positive electricity in the point (x,0,z) of the 
XZ-plane. Then 


+— pee 


dE, = epApAGQZ , 
=e sin 6 
dEy= ———— epApA0QE , 
dE, os at 
r 


The action of an element lying symmetrically with respect to the 
XZ-plane is obtained by changing the sign of 6. Here 7, is the 
distance from the point (x,0,z) to the element. 

The components of the resultant action of the two elements 


will be 
20E, , oO} 20E,. 


If we suppose the whirl to be of the same shape as in Section 
II, the components of its action on an arbitrary point (x,y,z) will 


be : 
P2 T 
Er= nef { {| (R=p SE 
Pr ° ° 
B=" if L (== Cpa 


Here Er and E, are the components normal to and parallel to the 
Z-axis, lying in the meridian plane and with the same orientation 
as the components Hz and H, derived in Section II; further 


(14) 


D?= R?+-p?—2Rp cos 0+-(z—€)?. 


If we introduce the potential 


P2 h 7 
6 
wef" ffm 
Py ° ° 


aw _w 
SR on tena 


pa sa 


we can write 
Er=— 
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The components of action of the whirl on an electric charge of 
e’ electrostatic units in the point (x,y,z) are consequently e’ER 
and ¢’E,. 

If the thickness / of the whirl is very small compared with its 
radius p2, we can use the formula corresponding to / infinitesimal, 


namely, 
*2 (°" pdpdd 
W= on {) ips 
with 
Ep= — SS a= — , 
where 


= R?+ p?— 2Rp cos 6+2?. 


The expression for W can easily be transformed into another 
form that is better adapted to numerical computation. We have 


\e =D,+R cos 6ln(p—R cos 6+D,)-+ constant, 


which gives 
W=W(p.)—W(e), 


where 


T 7 (16) 
wioy=aee { Dav aene { cos 6 In(p—R cos 6+ D,)d0 | 


° ° 


Here the second integral is the same as in formula (12) for the 
function ®, and has been denoted by f(p,o). The first integral 
can be expressed by elliptic functions by the substitution quoted 
in Section VI, which gives 


if batman {* Vi—# sin y dy 


A and k having the same definition as before. This integral 
can then be calculated by Legendre’s tables. 
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Let us now consider the components Er and E,;. We must 
first find the partial derivatives of W(p) with respect to R and 
to z. 

We have 4 


sw "R—p cos 6 8 is 
ri =aet { Sess d6+2eh a cos 9 In(p—Rcos v+poae| 


° ° 


But the partial derivative in the right member becomes 


7 " R cos 8—(p+Ds) cos? 6 
6 In(p— 6+D,)d6 ; 
ip cos 6 In(p—R cos 6+D,)d +e D.(p—R cos 6+D,) < 


° 


Integrated by parts, the first term of this becomes 


_ ( _QetRD,) sin? Oo, 
D.(p—R cos 6+D,) 


° 


which, combined with the second term, gives for the partial deriv- 
ative 
"46 

ia . 


° 


SW (p) _ "cos 6 d0 
Toe 2ehp ise 


° 


Consequently, 


If we use the transformation of Section VI, we further obtain 
this integral expressed in terms of elliptic functions in the form 


Er= 2eh{T (p2) = T(p:) le 
where 


2p us dw ws (17) 
roms | S| V 1—F? sin ra 


° 


Finally we have to determine E,. By partial differentiation 


SW (p) _ "6 Yea ERs, 
= ee 2ehz D,t 2ehRz ‘ (e—R cos 6+D,)Dy° 
13 


° 
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Here we have the integrals which in Section VI we have denoted 
by f’(p,0) and g’(p,o). We find 

E,= — 2ehz{g' (p., 0)— 9 (px, 0)]+-2ehR[f"(p2,0)—f'(pr.0)] (28) 

By formulae (16), (17), and (18), the functions W, Ep, and E, 


can easily be computed. 
Along the axis of the whirl, 


W =o2reh|V p2+2—V pi+2'] 
ER=0 (19) 


LY #0: Vat 
Let us apply these to the solar vortex, studied in Section VII. 
We have 


h=5X10’ cm, pPr=5X107 cm, P2=5X10° cm, 
€=—0.052 electrostatic units. 


Let us choose z= 10°, 2X 10°, 3X 109, 4X 10°, and 5X10? cm. We 
then find: 


40,000 


—o.6XI07 


g=—1.3XI07 


—o.8X 107 


——Oms NLOn 


Here, as we have seen, £, is the force acting on one electrostatic unit 
of positive electricity. 

The immense values of this force compared with the absence 
of any appreciable Stark effect over sun-spots' seem quite improb- 
able. Even with a much smaller convection whirl the observed 
magnitude of the Zeeman effect leads us, as Salet has already 
remarked,? to electric forces corresponding to several million 
volts per centimeter. We have tried to explain this paradox by 
assuming with Deslandres that the sun’s atmosphere is composed 
of different levels of opposite charges. If one of these levels is in 


t According to a letter from Professor Hale dated June 30, 1914. 
? Bulletin de la Société Astronomique de France, 28, 220, 1914. 
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rapid motion about a sun-spot and the corresponding layer rela- 
tively quiet, we shall have large magnetic action and a very small 
resultant electric field over the layers; we must then assume their 
location to be below the layers accessible to spectroscopic investi- 
gations. In this manner we succeed in bringing the electric field 
to a very small fraction of the value given above, but yet not 
small enough to explain the absence of the Stark effect. 

It seems as if the only possible explanation will be the hypothesis 
that the Zeeman effect is due to galvanic currents instead of con- 
vection currents. This hypothesis will be developed in another 


paper. 


XT. THE MOTION OF ELECTRIC CORPUSCLES IN THE SUPERPOSED 
ELECTRIC AND MAGNETIC FIELDS OVER A SOLAR VORTEX 


There is considerable interest in the study of the motion of 
electric corpuscles over sun-spots because of various applications 
to the theory of prominences and to the theory of the aurora, 
especially the latter, if we suppose with Birkeland and others that 
the aurora is caused by such corpuscles coming from the neighbor- 
hood of sun-spots. 

If we limit our studies to the highest stratum of the sun’s atmos- 
phere, which may be considered as a vacuum, this investigation 
may be made by the methods which I have applied to the theory 
of the aurora.t In the following we neglect the action of the 
general magnetic field of the sun. 

Let us first consider the motion along the axis of the whirl. 
This axis being a line of magnetic force, the magnetism has no 
influence on the motion; we have only to take into account the 
electrostatic field. In order to consider the most general case, we 
will take into account the variation of mass with velocity, a 
hypothesis well founded when the velocity is so great that it is 
comparable with the velocity of light. 

We will follow the equations of Schott.2 Let e’ be the electric 


See my memoirs in the Archives des Sciences Physiques et Naturelles, Geneva, 
1907 and I9II-1912. 
2See Electromagnetic Radiation and the Mechanical Reactions Arising from It, 
Cambridge University Press, 1912, Appendix F. 
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charge of the corpuscle in electrostatic units; then the force acting 
on it will, with the same notation as before, be e’ EF, and we obtain 


A cm.) 4 /oW 
—( ——— )=e'F,=—-e — 
dt V e—v? 


where m is the mass of the corpuscle for zero velocity; c is here the 
velocity of light, and v the velocity of the corpuscle. 
From this equation we find, as Schott has shown, 


am 


=—e/W+4+C’, 
V e—# 


C’ being a constant of integration, which can be determined if we 
suppose the velocity given for a given value of z. Let us for 
instance suppose v=o for z=2, and let W, be the value of W for 
Z=2Z. We get 
em=—e'W.+C’, 
that is, 
om 


= ¢7 Se W-W, . 
ae om+e' ( ) 


Here 
W =o2neh[V p+2—V pi +2] 


Wo=2eh[V p2+a—V pi-+2] 


If we consider the motion over the whirl in general, the mathe- 
matical treatment is especially interesting for the case in which 
the current-lines are circles, as they are when w=o. If we do 
not then take into account the general magnetic field of the sun 
but consider only the solar vortex, we have a field that is sym- 
metrical around an axis, which affords very important simplifications 
in the mathematical treatment. 

Let us first suppose the velocity of the corpuscle negligible as 
compared with the velocity of light. The corpuscle being in 
motion im vacuo and under the action of a superposed electric 
and magnetic field, we can apply the researches which I have 
published in the Comptes Rendus for March 11, rort. 
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The equations of motion are 
oF € dy ; 
og Li dt mas Es, 


moe. € 
og To -[ a. G- 


H; - tek, , 


m= dy dx ; 
"de “[# Ba dik 


There the z-axis is the axis of the whirl, H,, H,, and H, are 
the components of the magnetic force parallel to the X-, Y-, and 
Z-axes, respectively, and E,, E,, and £, are the components of the 
electric force. m and ec’ are the mass and charge of the corpuscle 
and c=3X10* the velocity of light. e’ is measured in electro- 
static units. 

Now in our case the components Hr, Hy, and H,, previously 
introduced, have the values 


and 
H.=> Hr, Hy=< Hr, 
where 


on ie fe <0 5 © atdpdt 
3 Io? 


is the previously introduced function of R and z. 
In the same manner 


x 
E,=5 Er, E,=5 Er 
and ae aa 
ErR=— 8R , Jae Fi bz ? 


where W is the electric potential, also a function of R and z only. 


ry 
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By introducing semipolar co-ordinates, R and ¢, we get, as in 
my paper, 
“mi=C—e'W 
dob ee 
2 ae ae on) 
We dt C: C 


which give further 


where 


Here v is the velocity and C and C’ are two constants of integration. 
If s denotes the arc along the orbit and @ the angle between the 
tangent and the plane through the point of contact and the Z-axis, 
we have 


: do 
6=R— 
sin R We 
and as 
at 
dt 
we get, as in my paper, 
/ 
Cie 


sin 6= meee Se 
RV 2mC—2me/W 


Hence the orbit must lie within the space defined by 
CG =, © ® 
Cc 


Tt = 
RV 2mC—2me'W 
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The detailed study of these regions is of fundamental importance 
in the discussion of the orbits, as in the mathematical theory of the 
aurora, where corresponding inequalities have been found. 

As has already been saidy the equations of motion take another 
form if we suppose the velocity of the corpuscle not to be negligible 
as compared with the velocity of light. 

We have then to use the fundamental equations due to Schott, 


and we get 
d me dx 1, , 
als a 7)= ee ian eae 
d me ; 
Sis =a ‘7 oe di Bag; [te ee 


d mC dy ; 
AG 7a “{2.3- BF ae) 


where m is the mass of the corpuscle for zero velocity, and where 
c is the velocity of light. 
From this, as Schott has shown, we get 


mos 
—— =C’-e'W, 
Ve—Vv 
C’ being a constant of integration and W the electric potential. 
If now we introduce instead of the time ¢, a new variable 7 


defined by F 
t Cc 


dt Ve—¥’ 


the equations of motion can be written 


pe € =| aol 
WO an -| 4, $- H, dt Te E, ’ 
wer € dx dz , 

” dr =" [aa FACS ee 


mea “(2 dy —H, = ep 


t Loc. cit. 
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where 

Ei=;5Ek, 8y=2 Ek 
and 

Ei ee 
with Spel 


This remarkable transformation is due to Schott. Further, we 
find as before 


\ mR? —=C,——® 
Cc 


and, as Schott has shown in his book (published in 1912), 


@R_18P  dz_18P 
dr? 28R’ dr? 28%’ 


Hay" 


where 


Further 


which gives 


dees eae 
dt C’—'W R 
and since 
mdse V (C'—2 Wy — mics 
Td oe C= 
we find 


/ 


€ 
dp _ c Cae 


ds YC —eWy— me Par 
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ad 
As R - =sin 6, we have the conditions 


ae Cc 
— } / } >\2 Daa? 
V (C’—&’W)?— mics R 


=i, 


which define the regions in space to which the orbits are restricted. 

We have here a wide field for research which can be carried 
out by the same methods as those employed for the aurora. 

As I have shown in the Comptes Rendus for March 6, 1911, 
November 25, 1912, and February 1o and 17, 1913, and in Videns- 
kapsselskapets Skrifter, Christiania, 1913, these considerations may 
also be applied to other cosmical problems, e.g., to the theory of 
the solar corona and to cosmogony. 


XIV. CONCLUDING REMARKS. IMPORTANCE OF SIMULTANEOUS 
INVESTIGATIONS OF THE AURORA BOREALIS AND 
SOLAR PHENOMENA 


As we have seen in Section XII, the difficulties in explaining 
the absence of the Stark effect, supposing the Zeeman effect due 
to convection currents, lead to the hypothesis of galvanic currents 
around sun-spots. In the first approximation we can apply the 
theory of currents in plates and try to determine the current lines 
and the lines of magnetic force in space over the plate for com- 
parison with the configuration of Ha flocculi. 

The conclusions based on the hypothesis of convection currents 
have then to be modified. This will be done in another paper, 
which isin preparation. We shall return to these hypotheses when 
more data regarding sun-spot fields have been collected. 

In this connection a detailed study of the aurora, its situation, 
and its altitude will be of considerable interest, especially if we 
have auroras connected with definite sun-spot phenomena as have 
sometimes been observed, for it is most probable that the electric 
corpuscles that cause the aurora are the same as those thrown 
out from the sun’s atmosphere; and having studied their physical 
properties in the aurora, we can draw corresponding conclusions 
for the phenomena in the sun. This connection between solar 
phenomena and auroras, which has been elaborated by physical 
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methods by Professor Birkeland? and mathematically by myself, 
will probably be of importance in future solar work. Furthermore, 
the photographic method of measuring the altitude of the aurora 
by means of two stations connected by telephone which I have 
employed on my expeditions’ in rg10 and 1913 is capable of giving 
very exact information regarding the auroral phenomena, thus 
laying a firm foundation for the conclusions we may draw from them. 
During the coming period of solar activity, special attention will 
be paid to these points of view. 


CHRISTIANIA 
January 1914 


« The Norwegian Aurora Polaris Expedition, 1, sections 1 and 2. 
2 Archives des Sciences Physiques et Naturelles, Geneva, 1907 and 1911-1912. 


3 “Bericht iiber eine Expedition nach Bossekop zwecks photographischer Auf- 
nahmen und Héhenmessungen von Nordlichtern,” Videnskapsselskapets Skrifter. 
I. Math.-Naturw. Klasse, 1911, No. 17, Christiania; and ‘On an Auroral Expedition 
to Bossekop in the Spring of 1913,” Astrophysical Journal, 38, 311, 1913. 
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THE CHANGE OF COLOR WITH DISTANCE AND AP- 
PARENT MAGNITUDE TOGETHER WITH A NEW 
DETERMINATION OF THE MEAN PARALLAXES 
OF THE STARS OF GIVEN MAGNITUDE AND PROPER 


MOTION 
By P. J. VAN RHIJN 


The present paper deals with the question of a possible relation 
between the color of the stars and their distances, apparent mag- 
nitude and spectral type being the same. It is found that the stars 
of the Yerkes Actinometry' show a relation between distance and 
color such that, ceteris paribus, the distant stars are redder than the 
nearer ones. Whether this phenomenon is to be ascribed to a loss 
of light in space or whether it is due to an influence of absolute 
magnitude cannot certainly be decided from the material available 
at present. Apart from its explanation, however, the question 
mentioned has an importance of its own, because its solution will 
afford a basis for further investigations; moreover, independently 
of the question as to how it is to be explained, a well-established 
relation between color and distance, apparent magnitudes and 
spectral types being the same, furnishes a valuable method for the 
determination of the distances of very remote objects. 

For an investigation of the kind considered the Yerkes Acti- 
nometry contains very valuable material, viz., the visual magnitude, 
the color-index, and the spectral type of all the stars of the Potsdam 
Photometric Durchmusterung in the zone from 73° north declination 
to the pole. If the distances of these stars were also known, 
it would be a comparatively easy matter to derive the relation 
between color-index and distance. As, however, the parallaxes of 
only a few stars of the Yerkes Actinometry have been directly 
measured, we are obliged to use proper motion and apparent 
magnitude as a criterion of distance. I therefore derived the mean 
distance of stars of determined proper motion and magnitude, 

t Astrophysical Journal, 36, 169, 1912. 
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for which purpose I have made the following assumptions, in 
accordance with Professor Kapteynt and Professor Schwarzschild? 

a) That the mean parallax of stars of determined proper motion 
and magnitude can be represented by the formula 


7= ap! e™ (1) 


where w,=100 w=total angular motion per century; m=m—5.0, 
m being the visual magnitude on the Harvard scale; a, 0, € are 
constants to be determined from the data of observation. 

b) That the quantities 


2=log = (2) 


are distributéd in accordance with the law of errors, 7 being the 
true parallax of a star and 7, the most probable parallax of stars of 
the same magnitude and proper motion. 

If the constants a, b, « and the probable error p of the error- 
curve (2) have been determined from the data of observation, the 
mean distance of stars of given magnitude and proper motion can 
be derived by the formula 


p? 
Pare ©6757 mods (3) 
T 


This is easily proved by means of supposition (0). 

The data from which the constants a, 0, e, and p must be deter- 
mined are of two kinds: (1) the individual parallaxes; (2) the mean 
parallaxes of certain groups of stars, which are derived from the 
parallactic motions and radial velocities. As these constants may 
be different for stars of different spectral types, they have been 
derived separately for the B, A, and the second-type (F, G, K) stars. 

Without entering into details as to the determination of the 
constants, the following may be stated:3 The coefficients a and b 
were computed by means of the known individual parallaxes. 
For the helium stars I used those determined by Professor Kapteyn;4 

t Publications of the Astronomical Laboratory at Groningen, No. 8, 1901. 

2 Astronomische Nachrichten, 190, 361, 1912. 


3 The details of the whole investigation have been published in my thesis under 
the same title as the present note. 


4 Mt. Wilson Contr., No. 82; Astrophysical Journal, 40, 43, 1914. 
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for the F, G, and K stars, the parallaxes compiled by Professor 
Kapteyn and Dr. Weersma in 1910,‘ and those afterward published 
by the Yale Observatory,? by Flint,’ Slocum and Mitchell,4 and 
Abetti.s The parallaxes of stars of the same proper motion were 
combined into mean values which gave the data required for the 
determination of a@ and b. For the A stars this procedure was 
impossible, because the number of directly measured parallaxes 
of this type is too small to give trustworthy results. 

The constant € was determined from the mean parallaxes for 
stars of different magnitudes, derived from the parallactic motion 
and radial velocity. Only those stars were used whose radial 
velocities have been determined by Campbell.® For the second-type 
stars a second value of e was derived from the directly measured 
parallaxes. 

Finally the values of a and 6 derived from the individual 
parallaxes were corrected by means of the final mean parallax for 
stars of different magnitudes and proper motions, which had been 
computed from the radial velocities and parallactic motions. The 
final mean parallax of the A stars was used to determine the con- 
stant a, the coefficients 6 and e being supposed equal to the 
average of the values found for the B and F, G, K stars. The 
constant p was determined from the differences between the 
logarithm of the observed individual parallaxes and the logarithm 
of the mean parallax computed by the formula (1). As the errors 
of observation in the parallaxes have a large influence on the 
value of p, I used only stars whose parallaxes are well determined. 

Table I gives a summary of the results for the constants appear- 
ing in the formulae (1) and (3). The results are, in general, in 
agreement with those derived by Professor Kapteyn,’ but the 


t Publications of the Astronomical Laboratory at Groningen, No. 24, 1910. 

2 Chase, Smith, and Elkin, Transactions of the Astronomical Observatory of Yale 
University, 2, 1912. 

3 Astronomical Journal, 27, 49, 1912. 4 Astrophysical Journal, 38, 1, 1913. 

5 Memorie del R. Osservatorio Astronomico al Collegio Romano, Serie III, Vol. V 
Parte 2. 

6 Lick Observatory Bulletins, 6, 108, 1911; 7, 19, 1912; 7, 113, 1913. 

7 Publications of the Astronomical Laboratory at Groningen, No. 8, 1901. 
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mean parallaxes of stars of different magnitudes found by equation 
(1), which are given in Tables II, III, and IV, are entirely at vari- 
ance with those derived by Campbell. The Lick Observatory 


TABLE I 
Type a b € p 
[Bie 070031 0.904 0.895 Oni 
AE rine ine OOO 2 om Ono 0.895 0.15 
BG eas 0.0038 | 0.695 0. 895 0.17 


results, however, cannot be considered to be representative of the 
whole stellar system, as the stars with large angular motion were 
omitted in deriving the mean parallaxes. It can be shown that 
the greater part of the difference between Dr. Campbell’s parallaxes 
and those found here will disappear if the former are multiplied 
by certain factors which allow for the omission of the stars of large 
angular motion. 


TABLE II 


MEAN PARALLAX, TYPE B 


Visual Magnitude (Harvard Scale) 
ie l 
0.0 I.0 2.0 3.0 4.0 5.0 6.0 70 8.0 9.0 | 10.0 
ie 

ooo. . 0%0000| 0%0000} 0”0000| 0%0000] 0%0000| 0%0000] 0%0000| 0%0000! 0%0000| 0%0000! 0”%0000 
(Cohn 0.0054] 0.0048} 0.0043] 0.0039] 0.0035] 0.0031) 0.0028] 0.0025} 0.0022] 0.0020] 0.0018 
0.02.. ©.OIOI] 0.0090] 0.0081] 0.0072] 0.0065] 0.0058) 0.0052] 0.0047] 0.0042] 0.0037) 0.0033 
‘On08ur 0.0145] 0.0131] 0.0116] 0.0105] 0.0093] 0.0084] 0.0075] 0.0067| 0.0060] 0.0054) 0.0048 
OnOdy 0.0189] 0.0170] 9.0151] 0.0136] 0.0121] 0.0109] 0.0097) 0.0087! 0.0078] 0.0070) 0.0062 
0,05... ©.0232| 0.0207/ 0.0186] 0.0166] 0.0148] 0.0133] 0.0119] 0.0107) 0.0096| 0.0085) 0.0076 
0.06.. 0.0273] 0.0244] 0.0219] 0.0195] 0.0174] 0.0157} 0.0140] 0.0126] 0.0113] 0.0100] 0.0090 
0.07... ©.0314| 0.0281] 0.0251] 0.0225] 0.0201] 0.0180} 0.0161] 0.0144] 0.0130] 0.0115! 0.0104 
0.08.. ©.0354| 0.0317] 0.0284] 0.0254] 0.0227] 0.0203] 0.0182] 0.0163| 0.0146] 0.0130) 0.0117 
0.00.. ©.0394| 0.0353] 0.0316] 0.0282] 0.0253| 0.0226] 0.0203) 0.0181| 0.0163] 0.0145| 0.0130 
0.10. 0.0433} 0.0388] 0.0347] 0.0310] 0.0277| 0.0248] 0.0223] 0.0199] 0.0170] 0.0159) 0.0142 
Ones. 0.081 | 0.073 | 0.065 | 0.058 | 0.052 | 0.047 | 0.042 | 0.037 | 0.033 | 0.030 | 0.027 
Ong erin 0.116 | 0.105 | 0.094 | 0.084 | 0.075 | 0.067 | 0.060 | 0.054 | 0.048 | 0.043 | 0.039 


Having computed the mean distances of stars of given magni- 
tude and proper motion, we pass on to the determination of the 
relation connecting color and distance. The color-index may 
also depend on the apparent magnitude, for we are not sure that 


t Tick Observatory Bulletin, 6, 131, 1911. 
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the range of one magnitude is the same for both the visual and 
photographic scales. Therefore the equation for the color-index is 


o=a+bm-+cR, (4) 
where - 
o=color-index. 
R= distance. 
m=apparent visual magnitude. 
b=change of color-index for a change of one unit in apparent 
magnitude. 
c=increase of color-index per unit of distance (parsec). 
TABLE III 
MEAN PARALLAX, TyPE A 
Visual Magnitude (Harvard Scale) 
ta 
0.0 I.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 
o%00. 0%0000| 0%0000! 0%0000| 0%0000| 0%0000| 00000] 0%0000| 0%0000] 0%0000| 0%0000| 0%0000 
p.Oz. 2 9.0049} 0.0044] 0.0039] 0.0035) 0.0031} 0.0028] 0.0025] 0.0022] 0.0020] 0.0018} 0.0016 
0.022. 0.0085) 0.0076] 0.0068} 0.0061] o 0054| 0.0049| 0.0044] 0.0039] 0.0035] 0.0031| 0.0028 
©.03....| 0.0F18| 0.0105) 0.0094] 0.0084] 0.0075) 0.0067] 0.0060] 0.0054] 0.0048] 0.0043] 0.0039 
0.04....| 0.0148) 0.0132] 0.0119] 0.0106] 0.0095) 0.0085] 0.0076] 0.0068] 0.0061] 0.0055] 0.0049 
O05 .. ©.0177| 0.0158) 0.0142] 0.0126] 0.0113} 0.0101! 0.0091| 0.0081] 0.0073] 0.0065] 0.0058 
0.06....| 0.0204) 0.0183) 0.0164] 0.0146) 0.0131) 0.0117] 0.0105] 0.0094] 0.0084] 0.0075] 0.0067 
0.07. 0.0231| 0.0207] 0.0185] 0.0166} 0.0148) 0.0133] 0.0119| 0.0106] 0.0095} 0.0085] 0.0076 
0.08.. ©.0257| 0.0230} 0.0206] o 0184 | 0.0165) 0.0148) 0.0132] 0.0118] 0.0106] 0.0095] 0.0085 
O00.» 0.0283| 0.0253} 0.0226] 0.0202) 0.0181) 0.0163} 0.0145| 0.0130] 0.0117] 0.0104] 0.0093 
0.10. | 0.0308] 0.0275} 0.0247] 0.0220) 0.0197| 0.0177] 0.0158] 0.0142] 0.0127| 0.0114] O.orOT 
Cerin 0.054 | 0.048 | 0.043 | 0.038 | 0.034 | 0.031 | 0.028 | 0.025 | 0.022 | 0.020 | 0.018 
ree ee | 0.074 | 0.066 | 0.059 | 0.053 | 0.047 | 0.043 | 0.038 | 0.034 | 0.031 | 0.027 | 0.024 
Orbs os | 0.093 | 0.083 | 0.075 | 0.067 | 0.060 | 0.054 | 0.048 | 0.043 | 0.039 | 0.034 | 0.031 
ee O.11I | 0.100 | 0.089 | 0.080 | 0.071 | 0.064 | 0.057 | 0.051 | 0.046 | 0.041 | 0.037 
roe a ee 0.129 | 0.115 | 0.103 | 0.092 | 0.083 | 0.074 | 0.066 | 0.059 | 0.053 | 0.047 | 0.042 
RTs slorets 0.146 | 0.130 | 0.117 | 0.104 | 0.094 | 0.084 | 0.075 | 0.067 | 0.060 | 0.054 | 0.048 
Se 0.162 | 0.145 | 0.130 | 0.116 | 0.104 | 0.093 | oO 083 | 0.075 | 0.067 | 0.060 | 0.053 
Coy peer 0.178 | 0.160 | 0.143 | 0.128 | 0.114 | 0.102 | 0.092 | 0.082 | 0.074 | 0.066 | 0.059 
2 ee 0.194 | 0.174 | 0.155 | 0.139 | 0.124 | O.IIT | 0.100 | 0 089 | 0.080 | 0.072 | 0.064 
BOG nee 0.338 | 0.303 | 0.271 | 0.242 | 0.217 | 0.194 | 0.174 | 0.156 | 0.140 | 0.125 | 0.111 
| 
' u 


The constants a, 6, and c must be determined separately for 
each spectral type from a number of equations of the form (4). The 
color-index and visual magnitude were taken from the Yerkes 
Actinometry; the distance was computed for each star by means 
of formulae (1) and (3). 

The solution involved two steps: First, the stars of each 
spectral class were divided into two or more groups according to 
their magnitudes. Forming the mean distance, color-index, and 
visual magnitude for all the stars of a group, a number of equations 


of the form 
at+bm=o+cR 
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were obtained, from which b was derived as a function ofc. As the 
distances of the different groups were approximately equal, the 
constant c entered with a small coefficient. Secondly, the stars of 
each spectral class were arranged according to the magnitude of 
the proper motion. By means of these groups ¢ was derived as a 
function of 6, in which } entered with a small coefficient. From 
these two results, the values of b and c expressed in magnitudes 
were easily derived. 


TABLE IV 


MEAN PaRALLax, Types F, G, anp K 


= 
Visual Magnitude (Harvard Scale) 
be 

0.0 I.0 2.0 340 4.0 5.0 6.0 7.0 8.0 9.0 10.0 
o%oo. 0%0000] 0%0000] 0”0000! 0%0000] 0”0000] 0%0000| 0%0000| 0%0000] 0%0000] 0%0000} 0%0000 
OnOlw 0.0066} 0.0059] 0.0053] 0.0047] 0.0042] 0.0038] 0.0034] 0.0030] 0.0027] 0.0024] 0.0022 
ObO2Gr 0.0107] 0.0096] 0.0086] 0.0077} 0.0069] 0.0062] 0.0055] 0.0049] 0.0044] 0.0040] 0.0035 
‘On03)r16 0.0142] 0.0127| 0.0114] 0.0102| 0.0091} 0.0082] 0.0073] 0.0065] 0.0059] 0.0052] 0.0047 
0.04.. 0.0174] 0.0156] 0.0139] 0.0124] 0.0111] 0.0099] 0.0089] 0.0080] 0.0072] 0.0064] 0.0057 
0.05.. 0.0203] 0.0181] 0.0163] 0.0145] 0.0130] 0.0116] 0.0104] 0.0093] 0.0084] 0.0075] 0.0067 
0:00... 0.0230] 0.0206] 0.0184] 0.0165| 0.0147] 0.0132] 0.0118] 0.0105] 0.0095] 0.0085] 0.0076 
O107)... 0.0256] 0.0229] 0.0206] 0.0184] 0.0165] 0.0147] 0.0132] 0.0118] 0.0106] 0.0094] 0.0084 
0.08.. 0.0281] 0.0251| 0.0225] 0.0201] 0.0180] 0.0162] 0.0144] 0.0130] 0.0116] 0.0103] 0.0093 
0.09.. 0.0305| 0.0273] 0.0244| 0.0218] 0.0196] 0.0175} 0.0157| 0.0140] 0.0126] 0.0112] O.oror 
0,10. 0.0328] 0.0294] 0.0263] 0.0235| 0.0210] 0.0188] 0.0169] 0.0151] 0.0135] 0.0121] 0.0108 
Opener 0.053 | 0.048 | 0.043 | 0.038 | 0.034 | 0.030 | 0.027 | 0.024 | 0.022 | 0.020 | 0.018 
Ongicevc 0.070 | 0.063 | 0.056 | 0.050 | 0.045 | 0.040 | 0.036 | 0.032 | 0.029 | 0.026 | 0.023 
Org), vache 0.086 | 0.077 | 0.069 | 0.061 | 0.055 | 0.049 | 0.044 | 0.040 | 0.035 | 0.032 | 0.028 
OS aeevassi = ©.100 | 0.090 | 0.081 | 0.072 | 0.064 | 0.058 | 0.052 | 0.046 | 0.041 | 0.037 | 0.033 
ONO Gere 0.114 | 0.102 | 0.091 | 0.082 | 0.073 | 0.065 | 0.059 | 0.052 | 0.047 | 0.042 | 0.038 
Oy Matera: ©.127 | 0.114 | 0,102 | 0.091 | 0,081 | 0.073 | 0.065 | 0.058 | 0.052 | 0.047 | 0.042 
Ov gieacn 0.139 | 0.125 | 0.112 | 0.100 | 0.089 | 0.080 | 0.072 | 0.064 | 0.057 | 0.051 | 0.046 
Osa aes O.I5I | 0.135 | O.12r | 0.108 | 0.097 | 0.087 | 0.078 | 0.069 | 0.062 | 0.055 | 0.050 
TiO sas 0.163 | 0.146 | 0.130 | 0.116 | 0.104 | 0.093 | 0.083 | 0.075 | 0.067 | 0.060 | 0.054 
Ze neee 0.263 | 0.236 | o.21r | 0.188 | 0.169 | 0.151 | 0.135 | 0.121 | 0.109 | 0.007 | 0,087 
2 Ovni 0.348 | 0.312 | 0.279 | 0.249 | 0.223 | 0.200 | 0.179 | 0.161 | 0.144 | 0.129 | 0.115 
AiO crac 0.426 | 0.381 | 0.341 | 0.305 | 0.273 | 0.244 | 0.219 | 0.196 | 0.176 | 0.157 | 0.140 
BUOM ts 0.408 | 0.446 | 0.399 | 0.3560 | 0.319 | 0.285 | 0.256 | 0.229 | 0.206 | 0.184 | 0.164 
GOs 0.565 | 0.506 | 0.453 | 0.404 | 0.362 | 0.324 | 0.290 | 0.260 | 0.233 | 0.208 | 0.186 
7s Ora leney 0.628 | 0.562 | 0.503 | 0.450 | 0.403 | 0.360 | 0.322 | 0.289 | 0.259 | 0.232 | 0.207 
Sinaia 0.690 | 0.618 | 0.553 | 0.494 | 0.442 | 0.396 | 0.355 | 0 318 | 0.285 | 0.255 | 0.227 
OQuOnensers 0.748 | 0.670 | 0.600 | 0.536 | 0.479 | 0.430 | 0.384 | 0.344 | 0.309 | 0.276 | 0.246 


Before proceeding to the actual solution of ¢ as a function of b, 
it was necessary to correct the second members of the equations 
of condition for a systematic error, which tends to diminish the 
value of c for the early-type stars and to increase its value for the 


later types. The character of this error has been fully explained 
by Professor Kapteyn. 


* Mt. Wilson Contr., No. 42; Astrophysical Journal, 30, 293, 1909. 
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The value of 6 proved to be independent of the spectral type. 
We may therefore adopt for 6 the mean of the values found for the 
different spectral classes, viz., 


b=-+0™625+0.004. (p. e.) 


The values found for the constant ¢ are given in Table V. 


TABLE V 
Spectrum c Probable Error 
Mag. Mag. 
ES SatOZA Omerextsc wee ©.00000 =0.00006 
AT ODA OEE oan ee ae +o0.00021 ©.00006 
ROLtOtG2 oy eee +0 .00033 ©.00007 
G3ito Kise aioe +0.00011 += 0.00005 


The weighted mean of these values is 
c= +0™00015 0.00003. 


The residuals with respect to the mean of the separate values 
in Table V show scarcely any systematic change with the spectral 
type. It may be that the B and Ao stars show the effect to a smaller 
degree than the later types, as is indicated by the value c=o for 
the Bs to Ao stars. Mr. Adams’ results,’ derived by an entirely 
different method, give some indications in the same direction. 
Omitting the value for the Bs to Ao group, the mean for the other 
types is 

C=+0.000195+0.00003, 


a value 6.5 times its probable error. 


CONCLUSION 
The distant stars of the Yerkes Actinometry are, ceteris paribus, 
redder than the nearer ones. The increase of color-index per parsec is: 


c=+0.00015+0.00003. 


There are some indications that this effect does not exist for the 
B and early A stars. Supposing this to be the case, the amount 
of c for the other spectral types increases to 


C=+0.000195+0.00003. 
GRONINGEN 
October 1915 
1 Mt. Wilson Contrs., Nos. 78, 89; Astrophysical Journal, 39, 89; 40, 385, 1914. 
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Contributions from the Mount Wilson Solar Observatory, No. r11 


THE PHOTOGRAPHIC DETERMINATION OF STELLAR 
PARALLAXES WITH THE 60-INCH REFLECTOR 


By ADRIAAN VAN MAANEN 


The determination of stellar parallaxes by means of photography 
dates back as far as 1886, when Pritchard made a first attempt in 
this direction.t Since that time the method has been applied by a 
number of astronomers, all of whom used the ordinary refractor for 
taking the plates, with the exception of Russell,? who employed the 
Sheepshanks equatorial of the Cambridge Observatory, a coudé 
telescope of the polar siderostat type, in which a mirror is inserted 
in the optical train. The question arose whether reflectors might 
not give results as good as or even better than those obtained with 
refractors, and the long-focus arrangement (80-foot) of the 60-inch 
reflector of the Mount Wilson Solar Observatory seemed a satis- 
factory instrument for an investigation of the question. 


OBSERVATIONAL DETAILS 


The very good definition with the equivalent 80-foot focus 
arrangement of the 60-inch reflector noted during observations with 
the Cassegrain spectrograph, suggested that good images might be 
secured by direct photography if a plate-holder were attached at 
this focus. The results have proved this to be true. With good 
seeing we obtain photographs showing very good definition over 
nearly the entire area of 8X1o plates (204X254 mm=27' X32’). 

From November 1913 until April 1914 the plate-carrier was 
attached to the instrument by four studs at the corners of a square 
with sides of 11 inches (230 mm). The two longer studs (at the 
north end cf the plate-carrier) were 58 mm long, while the others 
were only a few -nillimeters in length, and were made so that the 
photographic plate would be nearly normal to the optical axis of 


t Monthly Notices, 47, 87, 444, 1887. 
2 Carnegie Institution of Washington Publication, No. 147, 1911. 
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the telescope. A test plate showed the deviation from go” to be 
less than 5’, the north end of the plate being in shorter focus. 

Were the relative position of the plate-holder and the optical 
axis constantly the same, this small inclination would have been 
of no disadvantage for the final parallaxes. But as the studs had 
to be removed every time the instrument was used for any other 
kind of work, there was a chance for a change in the inclination. 
The deviation from normal, however, could never exceed 5’, which, 
for the most distant comparison stars used in the work, would pro- 
duce a maximum error of 0o”0024, and for the parallax star a still 
smaller error. Although such an error probably would be accidental 
rather than systematic for the 10-18 exposures used for each field, 
and therefore negligible in the resulting parallax, it seemed better 
to avoid it entirely. In March 1914 a cast-iron ring with inclined 
surfaces was therefore constructed for the attachment of the plate- 
carrier to the telescope. The ring which supports the plate-carrier 
is bolted to the tube of the telescope when the attachment is made. 
The orientation is fixed by two tapered pins in such a way that the 
relative inclination of two plates taken at different times can 
scarcely exceedo‘5. The errors in the later plates arising from incli- 
nation of the plate-holder will therefore always be quite negligible. 

But even though the relative position of plate-holder and the tele- 
scope tube remains the same, errors might be introduced by changes 
between the optical axis and the tube. Owing to the construction 
of the instrument such changes are hardly to be expected, especially 
as the plates of the same field are taken in practically the same posi- 
tion of the instrument. In replacing the mirrors after silvering, 
changes might occasionally occur, but all observers with the 60-inch 
reflector feel sure that changes in the inclination of the optical axis 
are very small, not exceeding one minute of arc; this means that 
the final parallaxes cannot be vitiated by errors from this source 
larger than o‘oor, a quantity which can be wholly neglected. 
Moreover, an actual comparison of the deviations for the pairs of 
exposures arranged according to different combinations of epochs 
of silvering the mirrors has shown that there is no appreciable effect. 
The large scale at the 80-foot focus, viz., 1 mm=8"245, makes it 
a very good instrument for accurate measures. 
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The plates were focused by the knife-edge method as many times 
during a night as the change in temperature required. The adjust- 
ment was made by moving the convex mirror at the upper end of 
the tube inward or outward by means of a motor operated from the 
station of the observer. Great accuracy can be reached in this way, 
while the operation requires only two or three minutes. 

As the parallax star is in nearly all cases much brighter than the 
comparison stars, the rotating sector device, used by Schlesinger’ 
in his parallax determinations with the Yerkes refractor, was 
employed. During the first three months a sector with a diameter 
of 78 mm was used, but this prevented the registration of the fainter 
stars within a radius of 5’ which otherwise could have been used as 
comparison stars. In November 1913 Mr. Abbot kindly made a 
sector of much smaller diameter for me, viz.,13 mm. The field now 
lost on account of the sector, its support, and the rubber belt is very 
small and the number of good comparison stars near the parallax 
star is accordingly greatly increased. The sector can be replaced 
by others with different openings from 0°5 to 24°0. The reduc- 
tion constant can thus be varied from 3 to 7 magnitudes, approxi- 
mately; for our kind of work, however, it is not necessary to know 
the constant with any great accuracy. 

The use of a rotating sector or any other device to cut down the 
magnitude of the parallax star is necessitated by the requirement 
that the images of the parallax star and those of the comparison 
stars shall be nearly the same. A neglect of this precaution might 
introduce a serious magnitude error, due principally to a “guiding 
error’’; the vitiating influence of such an error in parallax work was 
pointed out by Kapteyn in 1900.” 

It will be shown later that it is advisable to use comparison stars 
as close to the parallax star as possible. For this reason a small 
sector is preferable to one of larger diameter. The difficulty of 
finding a suitable guiding star when the parallax star is placed 
behind the sector, which might be serious in using a small sector, 
is largely overcome by making the guiding microscopes (of which 
there is one on each of the longer sides of the plate) movable in two 

t Astrophysical Journal, 32, 384, 1910. 

2 Publications of the Astronomical Laboratory at Groningen, No. 1, p. 67, 1900. 
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directions at right angles to each other. The total area which can 
be covered by the two eyepieces is in this way twice 4’X13‘5. 
Moreover, the plate-holder can be rotated, but in practice it has 
never been necessary to use it in any position but o° or go’. 

Another serious systematic error, and one even more dangerous 
than a guiding error, is what Kapteyn has called the “hour-angle 
error.” The earlier parallax observer tried to take his plates when 
the parallax factor was a maximum or minimum. But in the avail- 
able hours of darkness this can be done for stars of all right ascen- 
sions only by taking the plates at all possible hour-angles. As, 
however, a large difference in hour-angle has been proved to be a 
source of serious systematic error, it was thought better to avoid 
such differences as far as possible, even when the magnitude of the 
parallax factors might suffer thereby. I therefore adopted the rule 
never to take plates when the hour-angle at the middle of the 
exposure would be larger than 15°. Moreover, in combining morn- 
ing and evening exposures I took care that the difference in their 
hour-angles should be small. In two cases only has this difference 
exceeded 5°; usually it was less than 2°, as can be seen from the 
tables for each field. 

As a rule the exposure time was 15 minutes; in case of clouds 
or bad seeing this was lengthened up to 25 minutes. In most cases 
two exposures were made on a plate, but with moonlight only one, 
to avoid unnecessary fogging of the plates. 

Seed ‘‘23”’ plates were used throughout; they were developed 
in a 4 per cent solution of Rodinal. The fine grain of these plates 
and the greater sharpness of image as compared with the Seed “27” 
fully counterbalance the disadvantage of the longer exposures. To 
facilitate the orientation of the plates in the measuring machine a 
star trail extending across the whole length of the field, except the 
center, was added to one plate of each field 


THE MEASURING MACHINE 


The measuring apparatus used was the monocular arrangement 
of a Zeiss stereocomparator, which is fully described by Pulfrich? 
* Publications of the Astronomical Laboratory at Groningen, No. 1, p. 67, Ig0o. 

2 Zeitschrift fiir Instrumentenkunde, 24, 161, 1904. 
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It was shown in a previous article’ that this instrument can be used 
successfully for accurate measurement, even when the completion 
of a single pair of plates requires several hours or even days, pro- 
vided only that care be taken that the temperature does not change 
too much. 

With this precaution in view a few improvements were made in 
the instrument. The lamps for illuminating the plates were pro- 
vided with shields to prevent heat reaching the instrument. More- 
over, heavy pieces of plate glass (7 mm thick) were inserted between 
the lamps and the plates. To reduce further the heating effect 
other parts of the instrument were covered with asbestos. During 
the time needed for measuring a pair of plates (about one hour) no 
appreciable change in temperature was found. As the room is 
maintained at a nearly constant temperature by thermostatic con- 
trol, it is unlikely that any effect would be observed even if the 
measures consumed much more time. As a final precaution the 
parallax star was measured at the beginning as well as at the end 
of each series; by taking the mean of these measures we eliminate 
a great deal of any possible effect due to a change of temperature 
during the measures. 

A few other changes in the instrument may be mentioned here: 
the right-hand plate-holder was provided with a slow motion for 
rotation, which is of great help in the orientation of the plates. 
The plate-carriers were provided with attachments such that plates 
of all thicknesses have their films in the same position. 

Only a small part of the micrometer screw (less than one revo- 
lution, or o.5 mm) was used in the measures. This was tested for 
periodic and progressive errors, both of which are exceedingly 
small, as was evident from three series of measures made for this 
purpose. 

The manipulation of the plates in the measuring machine will 
be briefly described. The two plates to be compared may for the 
sake of brevity be called m (morning) and e (evening). They are 
placed in the carriers with the film toward the measurer, m in the 
left-hand, e in the right-hand, carrier. By means of the occulting 
shutter we can look either at m or ate. Focus the eyepiece on the 

t Astronomical Journal, 27, 140, 1912. 
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wires; look at m and move the whole optical system inward or 
outward by means of the rack-and-pinion arrangement until a star 
image on m is in the same focus as the wires. Rotate the microme- 
ter until the horizontal wires are parallel to the horizontal motion 
of the plates; the vertical wire will then give the readings in 
the direction of the horizontal motion. As a star trail has been 
impressed on one plate of each field, we may assume m to be this 
plate. Rotate m so that at equal distances from the center of the 
plate the trail is seen half-way between the two horizontal wires. 
Now bring the central star on the vertical wir- and half-way between 
the horizontal wires and change the shutter. We are now looking 
ate; focus.this plate by its separate focusing arrangement; by means 
of the horizontal and vertical slow motion of the e-plate-holder and 
the newly provided slow motion in rotation we make the star images 
on e coincide as closely as possible with the corresponding images 
on m. The orientation of later plates is accomplished by means of 
those previously measured, one plate of any given pair being left 
in position until one of the next succeeding pair has been adjusted. 

We are now ready for the measurement of the pair m-e. Bring 
a star on m half-way between the horizontal wires and nearly on the 
vertical wire, bisect it with the vertical wire of the micrometer, and 
read the head; repeat this as many times as is thought necessary 
(5 times in the present case); turn the handle which occults m and 
simultaneously opens the shutter for e. The same star will be seen 
at nearly the same place in the field. Bisect this the necessary 
number of times, reading the head after each. Then move both 
plate-holders horizontally and vertically until the next star appears 
in the center of the field, and proceed as before. After finishing a 
pair of plates in one position, both are rotated 180° and the measures 
repeated. 

Before beginning the discussion of the reduction of the measured 
quantities I wish to point out the advantages of the stereo- 
comparator over the usual measuring machine. With the latter, 
one plate at a time is measured and the positions of the stars are 
either compared with a scale or determined by means of a screw 
as long as the part of the plate to be measured. In using a scale, 
settings on both the star images and the scale are required, and the 
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errors of the latter must be known or they will enter into the 
measures. In using a long screw (unless the changes of scale from 
plate to plate are negligible) we must know its errors over the whole 
length to be used, which*in our case is as much as 114mm. With 
the stereocomparator, on the other hand, we use only a very small 
part of the micrometer screw, in the present case less than o. 5 mm. 
With the scale measuring-machine the relative position of the images 
of a star on a pair of plates would require four settings, viz., star, 
scale, star, scale; with the long-screw machine, two settings. With 
the stereocomparator as here used two settings and two readings are 
also required, but by introducing an extra slide in the micrometer, 
with a wire whose slow motion would leave the distance between itself 
and the original micrometer wire unchanged, the distance separating 
the images would be given by two settings and a single reading. A 
further advantage of the stereocomparator is that the orientation 
is greatly simplified. From this it will be clear that with the stereo- 
comparator the measures can be made in a shorter time and, on 
account of the errors in a scale or a long screw, with greater accu- 
racy; and if we can avoid the use of a scale, there is also a gain in 
the reductions. 


THE REDUCTIONS 


For practical reasons it is advisable to measure parallaxes in 
right ascension. The decrease in the parallax factor as compared 
with that for measures made in longitude is small, while the gain 
in convenience and time is rather large. I have therefore made it 
a rule to measure only in right ascension. As stated above, the 
measures were made in two positions of the plates, differing in 
orientation by 180°. The measures give for each star on each pair 
of plates a distance D, from which, by the reductions now to be 
described, we derive the parallax of the parallax star as well as those 
of the comparison stars. The means of the D’s from the two posi- 
tions of each pair of plates were used in the computations. As we 
may subtract a constant from all the values of D for each pair of 
plates, and as it is easier to deal with small numbers, all the D’s 
of each pair were diminished by the D of the parallax star; the 
resulting values for the parallax star were then always equal to zero. 
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Boss 96 a=0526™138 6=+ 52°17’ 


Pl. No. Date t Obs. Qy p m Remarks 
187 ...|1914 Aug. 13 |+ o°5 | VM g |+0.676 |+0.62 
IQ6r... 14 |— 8.2 H g |+0.665 |+0.62 
IQ62.. 14 }/— 0.5 | VM g |+0.664 |+0.62 
CW) 43x 14 |+ 4.8 H g |+0.664 |+0.62 
ROS cae Nov. 10 |+ 5.2 | Ca fg |—o.593 |+0.86 
BOO ro |-+11.7 | Ca fg |—0.593 |+0.86 
384r.. Ir |—15.0} VM fg |—o.602 |+0.87 ; 
3842. . ir |—10.7 | VM fg |—0.602 |+0.87 | Trail 
B95 cme Ir |— 5.0 H fg |—o.602 |-+0.87 
AOU ae Dec. 8 |+13.2 H fg |—o.842 |+o 04 | Clouds 20™ exp. 
406r... 9 |= %2-5 H g |—o0.847 |+0.04 
4062... 9 |+ 2.0} VM g |—0.847 |+0.94 
616 ...|1915y. July 31 |—10.5 | VM g |+o.790 |+1.58 
G7 aor 3 Fe —Ae7 H g |+0.790 |+1.58 
GO7ire Aug. 31 |+ 9.5 | VM g |+o.443 |+1.67 | Clouds 20™ exp. 
G32 eee Sept. 1 |+10.5 | VM g |+to.429 |+1.67 | Clouds 25™ exp. 
Mor.-Ev. Ap Am M v At 
616 —384:....| +1.39 +o0.71 —14 +12 +4°%5 
196:-3842....| + 1.27 —0.25 +26 +10 2.5 
PSN. Boal GPucse On 7 == 937) — il 0.3 
1962-406;....| + 1.51 —Ons2 + 4 —T5 +2.0 
187 —4062....| +1.52 —0.32 +22 + 3 —1I.5 
197 -308 ....| +1.26 || —o.24 +22 + 6 —0.4 
667/=300) 4. -|/-}- £204. +o.81 —20 Siw SHED 
O82)-AOn mysre|ots bez —-On73 —52 —25 = 27 


+2.5iMeat 2.167=—103 aw =+ 3.6=+0"006+0"005* 
+2.16uat14.347=— 44 Ma=— 44.2=—0%073+0010 
*In a former paper (Proceedings of the National Academy of Sciences, 1, 189, 1915) the parallax 


was given as +0%026+07%007. This, however, was based on some plates of inferior quality. The value 
given here is therefore the more trustworthy. 


Comp. Star Br. x y 7 PB: 

By roots f —o's +r/1 —o"004 +0"009 
Dn ene f +1.6 +2.9 —o.010 0.006 
ERR ESS a: f +4.0 +3.6 +o.006 0.004 
Ue aA siete bf +2.7 0.0 +0.005 0.007 
(asteele tet f +0.4 —3.0 —0.00I 0.006 
OFeean bf +1.6 —5.8 —0.006 0.004 
27 Seite eae Ste b —5.5 —0.5 +0.007 ©.004 
Settee f —4.3 +2.7 +0.005 +0.004 


ca 
w 
wo 


DETERMINATION OF STELLAR PARALLAXES 9 


Boss 420 a= hg7myys 6=+40°14' 


Pl. No. Date t Obs. Qy p m Remarks 
641... ./1913 - Nov. 23 |— 5°7,| VM fas |—o.491 |—o.10 |\Some astigmatism 
OAg een 22— ThOu}) <G fas |—o.491 |—o.10 |{ of 60-in. mirror 
66 Dec. 20 |— 8.5 | VM pi |—0.792 |—0.03 
t98r...|1914 Aug. 14 |— 9.5 | VM g |+o0.876 |+0.62 
1982... 14 5.0 H g |+0.876 |+0.62 
DORE Sept. rr |—15.0 | VM { |+0.611 |+0.70 
206... Il 8.7 1a! f |+0.611 |+0.70 | 20™ exp. 
2320... 13 |— 2.7 H f |+0.586 |+0.70 | 20™ exp. 
BAO... A: 14 |+ 0.2 | VM £ |+-0.572 |--0.71 
DATs 14 |+ 5.7 H fas |+0.572 |+0.71 
B80 ja. Nov. 11 |—13.5 H F013 12"\--0187 
BOTT = Ir |— 7.0| VM fg |—o.313 |+0.87 
3872... II |— 2.5 H fg |—o.313 |+0.87 
BOD «: Dec. 8 |+ 7.5 | VM g |—0.674 |+0.94 | Clouds 20™ exp. 
Mor.—Ev. Ap Am M v Al 
205 -386 ....} +0.92 —0.17 +11 +10 | —1°5 
TO8:— 66 ....] 1.67 =-0..05 ° — 8 —1.0 
ZOO —38 77 eer) 0-02 — Ome = 1) Sy S07 
I982- 64:....| + 1.37 +0.72 +26 +18 0.7 
2201-38241 44\0 70200 —On D7 25 +24 EO 
246 — 642....| +1.06 +o.81 a —II +1.2 
DAT AOD ae, aE 25 —0.23 oT —I2 Si) 


+1.74Mat2.187=+17 mw =+2.2=+0%004+0"007 
+2.18y.t9.867=+37 Ha=+6.9=+0%011+0%018 


Comp. Star Br. x y 7 Pr 

i Pees f —1'9 +4!o +0007 + 0"008 
DiS cs aie f —o.I +1.0 +0.003 0.008 
Bae se f +0.3 +4.0 +0.007 0.006 
Aen f +4.0 +1.4 +0.007 0.004 
heen f +1.5 —2.7 —0.030 0.010 
Oh eset cee bf —1.0 —5.6 +0.013 0.004 
tes he es ff —1I.2 —1.6 —0.015 0.003 
Sure bf —4.7 —0.4 +0.007 +0.004 


The resulting differences for the comparison stars are partly due 
to the shift caused by parallax and proper motion, but also to 
corrections for zero point, scale, orientation, refraction, aberration, 
precession, nutation, and inclination. To derive the shifts due to 
parallax and proper motion the differences must be freed from the 
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10 ADRIAAN VAN MAANEN 


Boss 592, 503=Bu 1332 a=2537™728 and 2531™z48 6=+ 24°13’ 


Pl. No. Date t Obs. Oy p m Remarks 
280r.../1914 Sept.16 |— 2°0 | VM g |+o0.694 |+0.71 : 
2802... 16 |+ 2.2 H fg |+o.694 |+o0.71 | Trail 
2OAN ae Oct. 11 |-+12.0 | VM g |+0.359 |+0.78 
BHICY 8) 12 |+ 9.0] VM g |+0.360 |+0.78 
4031... Dec. 8 |+ 5.5 | VM g |—0.547 |+0.94 | Clouds 20™ exp. 
4032... 8 |+11.7 H g |—0.547 |+0.94 | Clouds 20™ exp. 
408r... 9 |-11.2 | VM fg |—o.559 |+0.94 
4082... 9 |— 6.7 H fg |—o.561 |+0.94 
4001... 9 |— 0.7 | VM g |—o.561 |+0.94 
4002... OE gare) at fg |—o.561 |+0.94 
AT Over g |t10.0 | VM fg |—o.561 |+0.94 
606;;..|10n5 Sept. 2 |=1175 H fg |+0.844 |+1.67 
Ca al) 2|— 6.7| VM fg |j+o0.844 |+1.67 
(Qoyp <a. 2\|— 0.2 H fg |+0.844 |+1.67 
‘“ 

Mor.-Ev. Ap Am M (592) | M (593) | » (502) v (593) At 
6061-4081... .. +1.40 +0.73 + 75 +113 + 5 +15 —0°3 
60962-4082. ....| +-1.41 +0.73 +102 +124 +32 +25 0.0 
280;-4001..... +1.26 —0. 23 — 38 — 43 oA —40 —1.3 
0077/1002 n ae eet D4 =-On73 ae Bh se G7 — 39 —A2 30) 
2802-4031..... aps Ones + 10 == fl 33 — 1 —3.3 
OUD Ho) 6 Sn ok +0.92 —0.10 + 28 + 15 +37 +16 IO 
204 —4032..-.- +o.91 —o.16 — 56 + 41 —47 +42 +0.3 


4.75 Met utara y +216 


+2.20Mat10.75T=+244 Tie (soe) 


[a =+ 5.1=+0%008+ 0015 [a =-+ 16.7=+0"028+0"014 


|ma=+ 86.1=+07142+0%037 (593) | Ma= + 102.5=+0"169+0%035 

Comp. Star Br. x y 7 PE. 

Tite Rhone f +4! +2'7 —o"oIo +o"o010 
Pe Jon Hes f +1.1 +5.8 —0,0F5 0.007 
EU en Snir f —4.9 +o.7 +0.005 0.006 
PIB Seah he ff —5.4 —4.7 —0.003 0.009 
Cha eaid Gcuhe f —O5 —5.9 —0o.002 0.008 
Oe ee hy tere f +o.1 —4.4 +o.o001 0.006 
Wi pacdorheene bf +6.5 —0.5 +o.014 0.007 
Siena sen gee ff —2.1 +5.4 +o.012 +0.007 


displacements arising from all other sources, which are functions of 
the co-ordinates of the stars on the plate and take the form 


a+bx+cy+dx?+ exy+fy?+terms of higher order in « and y. 
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DETERMINATION OF STELLAR PARALLAXES eit 


Boss 672 a= gh53gmas 56=+46°40' 
Pl. No. Date t Obs. Qy p m Remarks 
54 .../1913 Nov. 22 |—13°5 | VM f |—0.234 |—o.10 
OSE ee Dec. 22 |+ 0.2} VM pi |—0.665 |—0.02 
80 .../1914 Jan. 20 |— 1.0] VM f |—0.906 |+0.06 | Sky thick 
POOR a Septe rs) — 470s fg |-+o.791 |-+0.70 | 20™ exp. 
23 3yaie ET see Raat ANAT f j+0.789 |-+0.70 | 20™ exp. 
224. 13 |+10.2 H fas |+0.789 |+0.70 | 20™ exp. Trail 
248 .. 14 |— 4.0] VM g |+0.781 |-+-0.71 
249 .. 14 |+ 6.7 H vg |+0.779 |+0.71 
203 =. case he re H g |+o.771 |+0.71 
BOA I5 |— 2.2| VM g |to.771 |+0.71 | Trail 
4231...|1I915 Jan. 9 |+ 7.5 | VM { |—o0.840 |+1.03 
A223 a 9 |+12.0 H fg |—o.840 |+1.03 
A435. Io |— 6.7 H { |—0.847 |+1.03 
436 . TON |= t-enG H { |—0.847 |+1.03 
Mor.-Ev. Ap Am M v At Remarks 
203-AShe nae. +1.62 | —o.32 —24 o | —0%8 
248— 54..+.. +1.02 +o.81 +48 +15 +9.5 Large difference in 
204— 80. 22. +1.68 +0.65 +19 == iw t caused by mis- 
2B9— OSs as aps +1.46 +0.72 +13 —14 —4.2 take in record 
2a2 ASO Nae +1.64 —0/33 17 ap — TO book 
2AQ-A23r el) ed O2 HO). — 8 +16 —o.8 
224—A232 oe ri jk 03 Ones —46 —21 —1.8 
+2.02Mat 0.857=+092 T =— 5.8=—0'009+0'004 
+0.85 Ma t16.557=—55 Ma=+48.0=+0%079+0"012 
Comp. Star Br. x y 7 Pats 
ee f —o!l5 +1/6 +o" oor +0010 
oe RIE an bi +o.1 +3.4 +o.o018 0.010 
CH ane heir f +1.1 +1.6 +0.003 0.009 
Mort s eae bf +4.0 +1.0 +o.0o1 0.006 
Ge dee eyaxers bf +1.9 —1.2 +o.o012 0,011 
OR a ae ff 0.0 —2.5 —0.026 0.010 
(EoD ee f SHis@} —1.4 —0.017 0.015 
eit athe ears " —4.3 —1.2 +o.041 0.011 
OF Bers ae ff —2.7 +1.1 —0.033 0.009 


If due precautions are taken in the choice of the comparison 
stars, the corrections corresponding to the terms of the second and 
higher orders of the co-ordinates will be negligible, and the correc- 
tion to be applied takes the simple form 


a+bx-+cy 
I4I 


12 ADRIAAN VAN MAANEN 


Boss 1549 a=6b6™158 5= + 22°56’ 


Pl. No. Date t Obs. Qy p m Remarks 
.../I9t4 Jan. 19 |— 220 | VM g |—0.458 |+0.06 
Ba: é : i — 5.0} VM g |—0.473 |+0.06 , 
S22 20 |— 0.7 | VM g |—0.473 |+0.06 | Clouds, trail _ 
O3naer Feb. 27 |—11.5 | VM fas |—o.913 |+0.16 | Some astigmatism 
BIS) ole > Oct. 12 |—11.5 H g |+o.950 |+0.78 of 60-in. mirror 
317. 12 |— 6.0] VM g  |+o.950 |+0.78 
318 . 12 /— 0.2} VM g  |+o.950 |+0.78 
333. --- Tee ab nes vg |+0.945 |+0.79 
Bvisaee Nov. 10 |—11.2 | Ca g |+0.680 |-+0.386 
B7Oler 10 |— 4.7 | Ca g |+0.680 |+0.386 
3041... Iz |— 6.2 | VM g |+0.668 |-+0.87 
BO Po-0 Ir |— 5 H g |+0.668 |+0.87 
453x...|1915 Feb. 6 |—10.0| VM g |—o.707 |4+1.10 
MSC ye ~ 6 |— 5.2 H g |—o0.707 |+1.10 
454 6j— 0.5 | VM g |—0.707 |4+1.10 } 
HG ee 7 |— 6.5 H fg |—o.714 |+1.11 | Trail 
Mor.-Ev. Ap Am M v At 
316- 93....| +1.86 | +0.62 +12 + 5 020 
37545308 | el asO —0.24 —= <3) —1S =. @ 
333 474 cts 422.00" |) 2-6: 32 +3 715i Wo-8 
3041 A5320e el ele sO —0.23 — I ° —1.0 
317i Ore ell LAD +0.72 +11 + 3 —1.0 
376- 74.....| +1.14 +0.80 +9 + 1 —2.7 
3042-454 ....| +1.38 —0. 23 — 2 — I —1.0 
318 — 822....] +1.42 +0.72 + 2 — 5 +0.5 


+2.32Mat 2.607=+24 wt =+0.8=+0"001+0" 001 
+2.60 Mat17.297=+39 Ma=+9.4=+0%016+0%004 


Comp. Star Br. x y 7 Pan 

Nata iat te f +ol1 +014 —o"007 +0003 
Py ee Oe ff —1.2 +0.7 +0.007 0.007 
BAe See b —0.5 +1.2 —0.007 ©.007 
esr torch bf —2.2 +1.9 —0.005 0.007 
4 GES ROA ff —0.8 —1.5 —0.017 0.007 
On ace: ff +0.3 —2.2 +0.017 0.008 
Th oes b +0.5 —1.6 +0.003 0.004 
Sistecar ff +1.9 —0.5 0.000 0.007 
Qunre f +3.4 —0.8 -+0.007 +=0.006 


where « and y are the co-ordinates of the stars, and a, b, and c con- 
stants to be derived for each pair of plates from the values for D. 
The necessary condition is that x and y of the comparison stars 
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DETERMINATION OF STELLAR PARALLAXES 


13 
Boss 1868 a= 7homy, 28 5=+28°4’ 

Pl. No. Date t Obs. Qy p m Remarks 

go:...|1914 Feb. 26 |—11°7*] C pf |—0.770 |—0.84 

QOz:< 26 j— 8.0] VM pf |—0.770 |—0.84 

Q4r.. 27 |—13.5 C fas |—o.781 |—0.84 

042... 27 |— 7.2 | VM fas |—o.781 |—0.84 

OEY Bearer Oct. 13 |—15.0 | VM fg |+o.989 |—o.21 

BOS x. 15 |—14.5 | VM g |+0.0985 |—o.21 | Trail 

SYA Gone Nov. 10 |— 3.5 | Ca pf |+0.835 |—o0.14 

27 Oe: to |+ 2.7 H fg |+0.835 |—0.14 

380 to |-+12.0 | Ca g |+0.835 |—0.14 

3051 Ir |—11.0 | VM £|4-0:822 |—o. 13 

3052 £E | — 622 H g |+0.822 |—0.13 

3004.5 fis |— 0-95 VINE @) |--0,822 |—o. 12 

4551---|1915 Feb. 6 |— 9.7 H g |—0.506 |+0.10 

4552--- 6 |— 5.2 | VM g |—o.507 |+0.10 

450.8 6 |+ 0.2 H g |—o.507 |+0.10 

AQ?) « Mar. 8 |+ 7.5 | VM g |—o.864 |+0.19 

Mor.-Ev. Ap Am M v At 

334—- O41....| +1.77. | +0.63 ro) — 2 | —125 
205 — Qor....| +1.76 +0.63 — 3 = 5 —2.8 
Rosa ites o 6 al) Seas Ong Se 1) Shi} 
3952- QO2...-| +1.590 +0.71 +18 00 +1.8 
378 — O42....| 471.62 +0.70 — 8 —I10 ao 
300-4552... || a-£-33 —On23 +14 ap @ +5.0 
BOO one oll qrissse) |) One sa sp [hanes 
SI ce as|| Sptearfey || Cogs sip ae Bl arabs 


+2.06 Mat 2.997T=— 2 


Tw =+3.5=+0'006+0"003 


+2.99Mati9.617=+51 fa= —6.1=—o010+0%010 

Comp. Star Br. x y 7 PSB. 

ber Sabon ee ff +1/6 +18 —o'%013 | +0%008 
De AA f +2.6 +2.7 +o.020 0.006 
Brecher teases f +5.5 a ieee) +0.002 0.006 
fee ff +5.5 —2.2 —0.012 0.O1I 
as scinan ff +1.6 —2.9 +0.030 0.015 
Onaein ee: ff —1.9 —3.2 — 0.033 ©.O11 
Yee es bf —5.5 —1.0 +0.026 0.006 
Sra f —4.3 +3.3 +0.008 0.005 
Oh ao anor b —2.5 +2.5 —0.025 + 0.007 


should be small. 


terms may be. 


In this investigation the distance of every com- 
parison star from the central star has been less than 8’. 

Let us see what the corresponding values of the second-order 
The differential refraction would cause a maximum 
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14 ADRIAAN VAN MAANEN 


Boss 2020 a= 7b26™258 6=+14°27’ 


Pl. No. Date t Obs. Qy p m Remarks 
88 ...|1914 Feb. 21 |+ 2%0 | VM f |—0.631 |—0.86 | Hazy 
OlrGe 26 |— 6.5 ¢ pf |—o.695 |—0.84 
QI2.. 26 |— 1.0 | VM f |—o0.695 |—0.84 " ; 
OSU see 27 |— 1.5 | VM fas |—o.706 |—o.84 | Some astigmatism 
SloH Ce Nov. to |+13.5 H g |+o0.880 |—o0.14 of 60-in. mirror 
BOW ern Ir |+ 0.5 H g |+o.869 |—0.13 
308: 4. ir |+ 6.0} VM g |+0.868 |—o.13 
399... Ir |+11.7 H fg |+0.868 |—0.13 
ABIES Dec. 9 |— 7.0 | VM g |+o.555 |—0.06 | Clouds 20™ exp. 
410 9 |+ 0.5 H g |+o.555 |—0o.06 | Clouds 20™ exp. 
417 oO) 75 4 VM BZ |+0.555 |—0.06 
488: 191s Mar. 6 |+ 5.2 | VM g |—o.781 |+0.18 | Clouds 25™ exp. 
488, 6 |+12.7 | VM g |—o.781 |+0.18 | Clouds 25™ exp. 
493 “ 8 |+ 8.0} VM g |—o.802 |+o.19 | Trail 
Mor.-Ev. Ap Am M v At 
AIS ONS dal! Goes +o.78 ar +24 —o0°5 
207— OSes Las O +0.71 —0 =T5 2.0 
POON es cn ally eS +0.78 + 8 +11 1.5 
208— 8-5...) --1-50 Oa s 20 —19 +4.0 
417-488:.....| +1.34 —0.24 ° — 5 +2.3 
BISON 5 ces || Gres |) OK ap spate al imeteye 
381-4882.....| +1.66 —0.32 +14 + 8 +0.8 
+2.51 pat 2.807=—I11 mz =+2.4=+07004+ 07005 
+2.80Mati15.227=+17 a= —7:1= —01012+0%013 
Comp. Star Br. x y 7 PAB 
Tween f +1'9 +0!5 +0005 +0010 
Oe Ades f +1.6 +2.9 —0.020 0.004 
Sh. f +4.3 —0.7 —0.002 0.007 
A ear f +4.4 —4.8 +0.007 0.004 
Gehan bf —o.8 —4.4 +0.003 ©.002 
6 ff 12 0) SOP —0.007 0.003 
b fehcrs cee cen f —3.0 +2.0 +0.007 ©.007 
Ss oa bf —4.3 +4.3 0.003 +0.006 


error of o’oo1 if the difference in hour-angle were 15°. In no case 

has the difference been as large as this, and the correction can 

therefore be neglected. The differential aberration can never exceed 

o*ooo2 for « and y smaller than 8’. The second-order terms due 

to precession and nutation are rigorously zero, since these changes 
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DETERMINATION OF STELLAR PARALLAXES 15 


Boss 2921 a@=robs3mogs 5= + 36°38’ 


Pl. No. Date t Obs. Qy p m Remarks 
77-.-|t914 Jan. 19 |+ 5°54| C g |+o.617 |—0.95 

IN ee 20 |— 1.2 C g |+0.603 |—0.94 

TOO)... April 17 |+ 0.5 | VM f |—o0.657 |—0.70 

PEGr . 18 0.0 | VM | fas |—0.668 |—0.70 | 

Trsac. 18 |+ 4.2 | VM gas |—o.668 |—o.70 ||Some astigmatism 
Ley ae 19 |+ 2.2 | VM | gas |—o.690 |—0.70 of 60-in. mirror 
POAscey, to j-- 6.5 | VM gas |—0.690 |—o.70 
429 ...|I915 Jan. g |+ 0.2 H fg |+0.727 |+0.03 
AAT. 10 |— 5.0 H vg |+0.716 |+0.03 
AAS. Io |— 1.0 | VM vg |+o0.716 |+0.03 | Trail 

Mor.-Ev. Ap Am M v At Remarks 

447x-115:-...| +1.38 | +0.73 +108 +17 —5°0 

MG BEM or sn || tiny) +0.73 + 77 —13 —1.5 | Star 5 not measured 
HOO EAT al) qe t< 42 tO. 73 + 90 — 3 Sa) 

SSPE Ge al Be 27, —0.24 + 60 +9 —5.4 

97 —T24.,..| $1.31 —0,25 + 46 = hy S146 


+1.71 pat2.427=+176 mw =+47.1=+07078+ 0" 006 
+2.42Mat9.13T=+518 pa=+36.3=+0%059+0%014 


Comp. Star Br. x y 7 PE: 

TASER f +2!9 —1!o +0086 +0015 
Dagar east f +5.8 +0.3 —0.053 0.011 
es AC ff —2.7 +3.6 —0.007 0.015 
Ain irene f —5-5 +2.5 0.000 0.014 
leh atne ff —I.5 —1I.4 —0.026: | +0.007 


in the co-ordinates affect only the orientation of the plates. 
As to the relative inclination of the plates, it has already been 
pointed out (p. 2) that this cannot surpass 5’, in which case 
the maximum correction for a star may be as high as 0%0024. 
It was also pointed out that such an error probably would be 
accidental rather than systematic for the 10-18 exposures used for 
each field, and could therefore introduce no serious error into the 
resulting parallaxes. For the later plates, taken after the intro- 
duction in March 1914 of the cast-iron ring for attaching the 
plate-carrier to the instrument, any error of this kind is entirely 
negligible. 
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16 ADRIAAN VAN MAANEN 
Boss 3233 a= 12)20™135 6=+ 24°20’ 
Pl. No. Date t Obs. Qy p m Remarks 
78:.../1914 Jan. 19 |— 6°5 | VM f |+0.824 |—0.95 
Where « Ig |— 2.5 | VM g |+o.824 |—0.95 
SO a oe 20 |— 9.2 | VM f |+0o.819 |—0.94 
ETOr.e + April 18 |—10.0 | VM g |—0.355 |—0.70 
TOS b. 18 |— 6.5 | VM g |—0.355 |—0.70 
130r... May 17 |+ 0.7 P fas |—o0.721 |—0.62 
LONG or 17 |-+ 7.2 P fas |—o0.721 |—0.62 
T33ra 18 |— 5.2 P { |—o.731 |—0.62 
1332... 18 |+ 1.5 lz f |—o.731 |—0.62 
43 Tee LOLS | aDeeOn| sone isl fg |+0.877 |+0.03 
aoe OU) kg Ores £ Wrko. 877 (0.03) e 
ACO Feb. 6 |+ 6.0| VM g |+0.677 |+0.10 | Trail 
Mor.-Ev. Ap Am M v At 
86 -116;....| +1.17 —0.24 — 2 +4 +0°8 
AST—TOz eel sae 0.73 —22 —47 —1.7 
Ther UE Re soo) SESS —0.33 ane — 5, ae 
78-1337... -| q-2-50 —0.33 — TE — 2 ees 
433 =13370e eet Or +0.65 +38 +14 —-Ea5 
466 —1302....| -+-1.40 +0.72 +57 +32 —1.2 


+1.75 Mat 1.667=+59 
+100 Ha 12.207 —+4- 728 


Comp. Star} Br. x y 

Teor eart f —2'3 —4lo 
Bite Rene f —3.8 —1.5 
Ben f —3.6 +2.2 
BED Mr Se ff —o.8 +1.2 
ips ace f +1.0 +3.4 
Gaerne bf +2.1 +3.2 
7 fan hs Ag f +3.4 —I.I 
Sagacneete f +3.2 —2.7 


En 


aw =+ 1.6=+07003+0"010 
Ha=+32.0=+01053 0.026 


009 


O17 


Having shown that we may neglect terms of the second and 
higher orders of the co-ordinates I shall now outline the reduction 


process. 


equation of condition of the form 


a+bx+cy+Apr+ Amp.=D 
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On each pair of plates every star measured gave an 


DETERMINATION OF STELLAR PARALLAXES 7 


Boss 3650 a=r14>g™178 6=+13°26' 

Pl. No. Date t Obs. Qy p m Remarks 

136r.../1914 June 15 |+ 6°2] Sh fg |—o.729 |+0.46 

1362... 15 |+12.7| Sh fg |—o.729 |+0.46 

TAO... 16 |+ 2.2 | Sh g |—0.738 |+0.46 

470 ...|1915 Feb. 6 |+ 6.5 | VM fg |+o.906 |+1.10 | 11™ exp. Sector 

484... 7\— 7.7 | VM g |+o.900 |+1.11 stopped 

485 7 |— 2.2 H f |+0.900 |+1.11 

486 71+ 3.5 | VM fg |+o.900 |+1.11 | Trail 

5031 Mar. 8 |+ 3.5 | VM g |+0.683 |+1.19 

5032 8 | 8.0 | VM g |+0.683 |+1.19 

554: June 4 |— 6.7 | VM Z  |—0.$00: |--1.43 

5542 A 2a ||: Jal & |—0.599 |+1.43 

555 --- 4 |+ 2.0/ VM | fg |—o.599 |-+1.43 

Mor.-Ev. Ap Am M v At 

484-5541....| +1.50 | —0.32 | +153 +7 | —1%0 
485 —5542..+.| +-1.50 O32 +134 — 12 +0.3 
486-555 ....| --1.50 —Ons2 +150 Sp vl = Les 
503-140 .....| -- 1.42 +0.73 — 48 + 4 21.3 
470 -136r....| ~+1.64 +0.64 hi = +0.3 
SOE oc ell GeweE  || A POLB || — ag a2 Of || ey 


+1.77 Mat 1.68%7=— 228 


wt =+ 58.2=+0'096+0"003 


+1.68 fe t13.457=+474 bMa=—184.0=—0°302+0%008 

Comp. Star Br. x y 7 IPE 

ee eae ff +3'4 +0/8 —o"002 +0011 
Deer ca Fs f +4.1 +2.1 +o.018 0.011 
Ce oe ee b —5.6 +5.2 +0.019 0.012 
Aone ff —2.0 Oni —0.045 0.031 
Sites eee ff —3.4 —2.1 —0.015 0.014 
OneeT. Se bf —3.0 —3.4 +o.o11 0.009 
Gee tockecetaie f —0.5 —6.6 +0.036 0.004 
Siete ecaccie f +3.6 —4.7 +0.005 ©.009 
Caer oce ff +4.3 —4.0 —0.026 +0.008 


where Ap is the difference in parallax factors and Am the difference 
in years between the two exposures. 
parallaxes and the proper motions of the comparison stars are zero, 
as is necessary in all differential parallax work, each comparison 
star gave an equation of condition of the form 


a+b«e+cy=D 
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On the supposition that the 


18 ADRIAAN VAN MAANEN 


Boss 4048 a=15550™108 5=+20°36' 


Pl. No. Date t Obs. Oy p m Remarks 

1tor...j1914 April1r7 |+ 4°5 | VM fg |+0.526 |+0.30 

Tipe: 17 |+ 9.2 | VM fg |+o.526 |+0.30 

MEAS « June 15 |+ 3.7 H f |—o0.410 |+0.46 

1441... July 25 |+ 7.0| VM g |—o.881 |+0.57 

TAA a aie 25 |+12.0| VM g |—o0.881 |-F-0o.57 

Wi foe 27 |+10.0 | VM g |—o.891 |-F90.57 

aaa 27 |+14.2 | VM g |—o.801 |-F0.57 

522:...\1915 May 5 |+ 4.5 | VM fg |+o.259 |+1.35 

22 oe 5 |= 9-0 H g |+o.259 |+1.35 3 

SEB 30.0 5 |+14.5 | VM g |+o.258 |+1.35 | Trail 

® 
Mor.-Ev. Ap Am M v At 

I10;-137....| +o0.94 | —o.16 + 5 —25 | +0°8 
522:-1447. = «| ar. 14 +0.78 —18 — 6 —2.5 
22.05 ee estate 5 +0.78 — 1 Sita —1.0 
T1Q;-1442....| +-1.41 —0.27 +61 +16 —2.8 
BO So 5 ol Rous +0.78 —16 = #4 +0.3 


+1.93Mat2.167=—44 wT =+22.8=+07038+0%0I10 
+2.16pat6.817=+51 pa=—48.7=—0%081+0%019 


Comp. Star Br. x y 7 P.E 

Teele ff —olt +1/8 +0005 + 01063 
Da Berane oe ff +129 +3.0 —0.030 0.052 
3 bf +1.2 +5.6 +0.021 0.020 
Airsac esa ea cs f —1I.9 +5.4 +o0.002 0.007 
iG Seen f —I.0 —1.0 —0.028 0.026 
Oxpeteern as f —3.7 —1.2 —0.025 0.038 
Hee. Ute ue f =—4.8 —3.0 +0.037 0.011 
SSH Bente, eee f +2.9 —5.5 +o.017 0.018 
Ou eee ff +5.6 —0.4 —0.0o1 +0.024 


from which for each pair of plates the constants a, 6, and c were 
derived by a least-squares solution. It will be noticed that in using 
the same comparison stars for the different pairs of plates of the 
same field, the first members of the equations of condition are 
exactly the same for each pair. This simplifies the work greatly, 
as we compute these, and also the first members of the normal 
equations, but once for each field. Only in two cases, in which one 
of the comparison stars could not be measured on all the plates, had 
148 


DETERMINATION OF STELLAR PARALLAXES 19 


Boss 4393 a= 17by4me 38 5=+ 28°56’ 


Pl. No. Date t Obs. Qy p m Remarks 

Ittr.../1914 Aprilr7 | —4°e WWM g |+o.785 |-+0.30 

Tera Ts 17 | +1.2 |° VM g |+0.785 |--o.30 

T20Kee 18 | —6.0| VM g |+o0.775 |-+0.30 

I45r... July 25 | —1.5 | VM g |—0.692 |+0.57 

1452... 25 | +3.7 H g |—o0.692 |-+0.57 

D5 2ss. 26 | +o.2 | VM g |—o.705 |+0.57 | Clouds 25™ exp. 

TSOne ws 27 | —o.2| VM On LON t-On5 7, 

1582... 27) ang) et Seen LOM cL Ona 7 

TOG son Aug. 12 | —o.2 | VM & |=07870) |-1-0. 02 

524.../1915 May 5] +6.7 H g |+o.568 |+1.35 

BO Trees 6 | —1.0| VM fg |+o.554 |+1.35 

S375... al ia oe oy on ee & |+0.554 |+1.35 

Mor.-Ev. Ap Am M v At 

I20-1451....| 1.47 —0.27 —4 — 5 | —4°5 
LiTe—T5or- .- -|| 4-15-50 —0. 27 TT Sie) —A2O 
53%r-165 ....| +1.43 +0.73 +31 — 7 —o.8 
IIIzg-I52....| +1.49 —0.27 +20 +19 +1.0 
5§312-1452.-.-.-| +1.25 +o.78 +30 — 0 0.0 
524 —1582....| +1.28 +0.78 +52 +13 26 


+1.96uat+ 1.817=+ 86 wT =+ 7.6=+0%013+0"005 
+12.81mot11.877=+156 pa=+37.7=+0%062+0%013 


Comp. Star Br. x y 7 P.E 

1 acer Oe ees b —o!5 +2'6 +o"o12 +0"008 
Bee ff —0.3 +3.4 —0.007 0.006 
Be pet ee f Ont +5.6 —0.002 ©.008 
BOER a bf +5.5 +o0.7 +0.007 0.006 
Sameer: bb +4.7 —5.1 —0.012 0.004 
Ose ees f +0.8 —4.5 —0.OII 0.008 
Teter nae, f —o.1 —4.1 +o.o012 0.007 
Sat ff —I.1 —1.0 —0.023 0.009 
Omen cbee f —5.1 —0.7 +0.020 | +0.004 


we to compute a second set of equations. The plates for which this 
was the case are mentioned in the tables giving the details for the 
individual stars. 

The zero point for every field was made to coincide with the 
parallax star (an exception was made in the case of the double star 
Boss 592, 593, where the zero point of the plates was taken half- 
way between 592 and 593); in this way «, and y, are zero, and we 
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20 ADRIAAN VAN MAANEN 


Boss 4555 @=17"57™5§ = d= + 45°30" 


Pl. No. Date t Obs. Qy p m Remarks 

112.../1914 April17 |— 125 | VM fg |+0.885 |+0.30 

HONG ba 18 |— 3.7} VM fg |+0.877 |+0.30 

MAP 6 tc May 17 |+ 1.0} H g |+o0.548 |+0.38 | Clouds 

HEC soc 18 |+ 3.2] Sh g |+0.533 |+0.3 

TEES oc 18 |+ 9.5 | Sh f{ |+o0.532 |+0.38 

146:... July 25 |+ 0.5 | VM g |—0.553 |+0.57 

1462... 25 [rie 5 On| nee & |—9.553 |--0.57 

TSOrnsee 27 |+ 1.0| VM g |—o.582 |+0.57 

TSOscme 27 I+ 5.5 | VM g |—o.582 |+0.57 

166r... Aug. 12 |+ 1.5 | VM fg |—o.780 |+0.62 

TOOmmer 12 |+ 6.2 H g |—o.780 |+0.62 | Trail 

TOON 14 |— 3.5 | VM fg |—0.798 |+0.62 | Clouds 

TOT 14 |+ 6.2 | VM fg |—o.798 |+0.62 

TOG 8 14 |+11.0 H fg |—o.798 |+0.62 

525r.../1915 May 5 |+ 3.0] VM g |+o.708 |+1.35 

BARS 6 6 Solar vas H g |+o.708 |+1.35 

Sere 6 0.0 | VM fg |+0.695 |+1.35 

5322... Fe mena @ ener =| & |+o0.695 |+1.35 

Mor.-Ev. Ap am M v At 

I2I-190....| +1.68 —0.32 +26 +11 —022 
I12—146r....| +-1.44 —0.27 +10 — 3 == 16) 
TRO SHO occ! Gere — Ont +19 +9 0.0 
532r-106:....| +-1.48 | -+0.73 +17 —=25, —1.5 
525:-1462....] +1.26 +0.78 +40 — I —2.0 
T36r—-U50aqs | oe Deke —0.10 — 3 i —2.3 
5322-I9Ir....| +1.49 +0.73 +66 +23 —0.5 
5252-1062....| +1.49 +0.73 +47 + 4 +1.3 
135a-10L2. 4. «| el. 33 —On24 + 6 — 6 So 


+2.5t Mat 2.577=+110 wT =+14.5=+0%024+0"004 
+2.57 Mot17.41 T=+327 HMa=+29.0=+0"%048+o0"011 


Comp. Star Br. x y 7 PE: 
Tew apes f +1!1 +1/8 —o%o10 | +o%or1 
eerste ihe b 2.5 +2.9 ©.000 0.013 
Bin atthe f —0.7 +4.3 —0,012 0.008 
Sys Ae f —2.1 3.4 +0.003 0.004 
[Nora bab. Heise (tent 8 ¢ —1.5 +2.5 —0.002 0.007 
Onsrvoeietens f Tn On +0.019 0.008 
1 ER Sep or Pee ff —I.I —1.4 +0.020 0.010 
bee tA et f —4.3 —4.0 —0.020 0.006 
Olrencues otee ff +2.7 —4.5 —0.012 0.003 
LO f +1.6 —0.7 +o.012 0.009 
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DETERMINATION OF STELLAR PARALLAXES 21 


Boss 4860 a=19h1™p8 5=+31°36’ 
Pl. No. Date t Obs. Qy p m Remarks 
21Qr...|1914 Sept.13 |— 4°7 | VM fg |—o.916 |—0.30 
BEOscK 13 |+ 0.2 H f |--0.916 |—0.30 
220103 13 |+ 6.0| VM fg |—o.916 |—0.30 
220,05 13 |+10.0 | VM fg |—o.916 |—o.30 | Trail 
526 .../1915 May 5 |— 1.0] VM g |+0.862 |+0.35 
Socere Onl eon | mVUV SE Oro5 4m One5 
534 ..- I i me lh ae fg j+o.854 |+0.35 
Arai June 3 |—13.0 H f |+0.526 |+o.42 
5472-.. 3 |— 8.5 | VM f |+o.525 |+o.42 
548r... 3 |— 3.0 H f |+0.525 |+0.42 |;Some astigmatism 
5482... 3 |+ 1.5 | VM f |+0.525 |+0.42 of 60-in. mirror 
BAGIC. 3 |+ 7.2 H f |+0.525 |t+0.42 
6071... July 31 |—14.5 | VM g |—o.405 |+0.58 
6072... 31 |— 9.7 H g |—o.406 |+0.58 
608:... 31 |— 4.7 | VM vg |—o.406 |+0.58 
6082... 31 |— 0.5 H vg |—0o.406 |+0.58 
Mor.-Ev. Ap Am M v At 
547:-6071....| +0.93 | —0.16 +23 +izr | +125 
5472-6072....| +0.93 Oa tO + 4 — 8 | 41.2 
533 —008....| +1.26 —0.23 +15 — I —0.7 
548:-2101....| +1.44 +0.72 +9 —20 +1.7 
B26 —OOSs dace he 7 — Oma + 8 — 8 —0.5 
534-2102... .| +-1.77 +0.65 +50 +16 | -0.5 
5482-2201....| + 1.44 +0.72 +14 —I5 —4.5 
549 —2202. .- .|| - 1-44 +0.72 +50 +21 —2.8 


+2.14Met 3.397=+ 75 
+3.39bMat14.167=+248 


mw =+14.7=+0'024+0"006 
Ma=+11.8=+0%019+0"%015 


Comp. Star 


x 


An E 


+1.8 
—I.I 
—2.5 
—2.9 
—2.6 

0.0 


+-2.9 


—0.7 


—2.3 
—1.8 


Ee 


shel 


Oo. 


° 
° 
° 
O. 
° 

+O, 


E. 


lo} fe) 
ort 


009 
.008 
.OIL 


o1Io 


-OIT 


O17 


need for the computation of the parallax of the principal star only 
Substituting its numerical value (—a= WM) into the 


the constant a. 


equation of condition for the parallax star we have, since D for this 
object is zero, 


Apr+Amp.=M. 


I51I 


2D ADRIAAN VAN MAANEN 


Boss 5043 a=1940™258 6=+41°32’ 


Pl. No. Date t Obs. Qy p m Remarks 
192.../1914 Aug. 14 |— 1°22 H fg |—o0.471 |+0.62 | Hazy 20™ exp. 
IQQr... Sept. 11 |—14.2 | VM g |—o.814 |+0.70 ’ 
IQQ2... 11 |— 9.0] H g |—o.814 |+0.70 | Trail 
564r.../1915 June 4 |—11.5 | VM g |+0.639 |+1.43 
5642... Bees Se ier saps a g |+0.639 |+1.43 
565r... 4. (O20 VME g |+0.639 |+1.43 
5OSantn 4 |+ 2.2 H g |+0.639 |+1.43 
566r... 4 | 7.7 | VM_| ve |4-6:630 |--5-43 
5662... ANTE H g |+0.639 |+1.43 
OGOHG6 - Aug. 31 |— 3.5 | VM g |—o.695 |+1.67 | Hazy 25™ exp. 
6502... 3I |+ 3.2 H g |—o.695 |+1.67 | Hazy 25™ exp. 
OW aac Sept. zr |+ 8.0 | VM fg |—o.707 |+1.67 
Mor.-Ev. Ap Am At 
564:-190r....| +1.45 | +0.73 +2°7 
5642-1992... -| +1.45 | +0.73 =fatn® 
565:-650r. -. .| +1.33 —0.24 +1.5 
OSs LOO eee cia e e +o0.81 +3.4 
566:-6502....-| -—- 1-33 —0.24 +4.5 
Oho os al) qrilaas —O1n24) +3.7 


+1.90Mat 2.067=+20 wT =+2.7=+0"004+0"004 
+2.06MatI0.79T7=+45 HMa=+7.6=+0%012+0%009 


Comp. Star Br. x y 7 P.E. 

Tepe b +5!1 olo —o’o4o | +0%002 
pal ine aR f +o.4 +1.2 +o.o012 0.005 
Sia enon eae bf +1.8 +3.0 +o.018 0.003 
Acwarny rare bf —2.2 +2.1 —0.015 0.008 
erection bf —3.3 +1.1 +o0.o0o1 0.006 
Oona f —3.7 —2.1 —0.019 0.003 
Ee Eee f +1.0 —3.0 +o0.021 0.006 
Soe coast f +1.8 —2.6 +0.023 | 0.007 


Each pair of plates for a field gave an equation of this form, from 
which z and wu, were computed by a least-squares solution. The 
parallax factor p was calculated by the rigorous formula, and 
checked by the tables published by Schlesinger;! m was expressed 
in years; both are given in the tables for the individual fields. 

For the computation of the parallaxes and proper motions of the 
comparison stars we need also the plate constants 6 and c. The 


* Publications of the Allegheny Observatory, 3, 163, 1915. 
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DETERMINATION OF STELLAR PARALLAXES 23 


Boss 5184 G=go%oMsrvs 6=+61°47’ 


Pl. No. Date t Obs. Qy p m Remarks 

269 .../1914 Sept. 16 |— EO | VM g |—o.785 |+o0.71 

2831... .| Oct. 11 |— 1.0] VM fg |—o.952 |+0.78 as astigmatism 

29300: Tats ze | VM fg |—o.952 |+0.78 of 60-in. mirror 

S7oemsptor5) Luly byes VE g |+0.340 |+1.50 

57Sa: 21-5 0,5 |, & |+0.340 |+1.50 

5Qir... eee | a Sen gine 624 a gets © 

5912 3 o.7 | VM g |+o.324 |+1.51 

592 Slchee Sia eae PO Ons cAn aint aye 

600; AN —ayey el) NGMUE f |+o.309 |+1.51 

6002... . 4 1.2 | VM f |+0o0.309 |+1.51 

070.4... Sept. zr |—10.0 | VM f |—o.609 |+1.67 

O807 5.5 2\|— 8.0| VM f |—o.623 |+1.67 

6871 2 |\=-8 be H fg |—o.623 |+1.67 

6872 2\+ 5.5 | VM fg |—o.623 |+1.67 

Mor.—Ev. Ap Am M v At 

600;-676 ....| +0.92 —o.16 +10 + 3 +4%3 
5911-686 ....) +0.95 —o.16 +14 + 7 +3.3 
SESSA) scvel| Spite tke +0.79 +88 + 1 — 2015 
6002-283... .| +1.26 +0.73 +86 am i —0.2 
5OE—098 725-2 150-05 — OO +14 ae Ff =i. 
Sis Resis ooo |) Sree =O. Vf +85 = i 8.2 
592 -0872....} +0.95 —0o.16 == 6) Te =18 


+1.79 Mat2.147=+179 mw =+21.4=+07035+0"004 
+2.14 Ua t8.08 r=+344 Ma=+80.0=+07132+0%007 


Comp. Star Br. % y 7 12210 

oe Ae roree ee f +1/1 +o!7 —o"046 +0014 
oe ENE wee f +2.6 +1.2 0.000 0.015 
Qik ne yee f == aad +4.8 0.000 0.005 
Te ie eee bf —6.2 +2.5 +o.o10 0.006 
Sanne ea te f BF =30),7! +0.001 O.O1I 
One aetat bf —1.2 —5.4 +0.008 0.005 
WOOO e bf +2.1 —3.3 —o.o10 0.010 
See uc Beae f 5.5 —0.4 +0.035 +0.006 


first members of the equations are the same as for the parallax star 
itself. For several reasons, indicated later in the discussion, it 
seemed worth while to do the relatively small amount of extra work 
necessary for the derivation of the parallaxes of the comparison 
stars. 
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24 ADRIAAN VAN MAANEN 


Boss 5210=Bu 10100 a= 20%14™348 5=+40°25' 


Pl. No. Date t Obs. Qy p m Remarks 


138:.../1914 June 15 |—11°2 H fg |+o.599 |+0.46 

13 Saec I5 |— 6.2 H fg |+o.599 |+0.46 

TAQ se 16 |— 1.2] Sh { |+0.586 |+0.46 

ZOOm ee Sept. 11 |—11.0 | VM fas |—o.721 |+0.70 

2011... 11 |— 0.7 | VM f |—o.721 |+0.70 

POM. 5 ir |+ 4.2 | VM f |—o.721 |+0.70 

Do 5c 14 |— 5.2 H fg |—o.750 |+0.71 

BI Oree Oct. 15 o.o0 | VM fg |—o.961 |+0.79 

3502... 15 |\+ 4.5 | VM fg |—o.961 |+0.79 

550r.../1915 June 3 |— 4.0| VM f |+o0.744 |+1.42 

5502... B 0.0 H f |+0.744 |+1.42 

SSiaeer 3\/+ 5.0] VM f |+0.742 |+1.42 

Mor.-Ev. Ap Am M o) At 

138:-200.....| +1.32 —0.24 +7 ° —o°2 
item) ooo ol) Sabon —0.25 ° — 8 —TEO 
5501-2011. ...| +1.47 0.72 — 8 — 5 —3.3 
TAQ —20Oree eons s —0.33 +14 +5 —1.2 
5502-2012... .| + 1.47 +0.72 + 2 + 5 —4.2 
551 —3502....] +1.70 +0.63 + 1 + 2 +0.5 


+1.67 a+ 2.027=—11 at =+ 3.4=+07006+0"002 
+2.02Me+13.17T=+24 Pa=—I10.7=—0%018+0'006 


As on nearly all plates the eighth magnitude companion is not clearly separated from the prin- 
cipal star, the measures are too uncertain to derive a satisfactory parallax for it. 


Comp. Star Br. x y wT P.E 

Tastee b +1!1 +1/2 +0"007 +0009 
Qt eet bf 1.2 +1.5 —0.002 0.003 
BSS eh esa bf —1.0 +2.1 —0.004 0.007 
Aa ies f —2.6 +1.8 +0.002 0.006 
ise Nore bf —3.3 —1I.0 —0.O1I 0.002 
One bb —1.6 —1.8 +0.025 0.012 
7 f —0.4 —r.6 —0.020 0.005 
Sterne f —o.1 —1.9 —0.010 0.007 
Oecanieee bf +0.5 —2.6 +o.012 ©.002 
TO Lee f +2.3 —0.4 +0.001 0.007 


To all pairs of plates of a field the same weight has been given. 
Schlesinger, and after him many other parallax observers, have 
used a different method for the computation, which may be called 
“the method of dependences.”* While this may be somewhat 
t Astrophysical Journal, 33, 163, 191t. 
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DETERMINATION OF STELLAR PARALLAXES 25 
Boss 5519 a= 2Th22Mc98 5=+ 31°47’ 
Pl. No. | Date t Obs. Qy ? m Remarks 
130r...|1914 June 15 |—16°0 }¥ Sh g |+o.785 |+o0.46 
T3020. 15 |—11.0] Sh g |+o.785 |+0.46 
FASE. 16 |— 6.2 Sh g |+0.776 |+0.46 
£49)... July 25 i+ 7.5 | VM g |+0.270 |+0.57 
2O2run Sept. 11 |— 6.0 H fg |—o0.477 |+0.70 
202340 Ir |— 1.5 | VM fg |—0.477 |+0.70 
PURE See 12 |—13.0 | VM pf j—0.491 |+0.70 
B22,: s.. 13 |— 6.2 H fg |—o.503 |+0.70 
2223. 13 |— 1.5 | VM f |—o0.504 |+0.70 | Trail 
Basan 14 |+ 4.0] VM fg |—o.518 |+0.70 
ey baie Oct 114 — "725 H fg |—o.818 |+0.78 
285 Roc, tr |+ 3.0] VM g |—o.818 |+0.78 
3027555 12 |— 7.2 Jel fg |—o.824 |+0.78 
50ar-. 11915 July 3 j— 8.7-) VM) 2 o.587 Fz .51 
5032--- Se ee BO 10.507. Et 5 
ar eae 3 |+ 0.2 | VM g |+0.587 |+1.51 
6021... 4 |— 1.0 H f |+0.575 |+1.51 
6022... 4 |+ 3.7 | VM f |+o0.575 |+1.51 
Mor.-Ev. Ap Am M v At 
13Qr-211 ....| +1.28 | —0.24 +12 + 5 | —3°0 
1392-284 ....| +1.60 —0.32 +13 +5 3.5 
TAS 3020 || 1-100 —0,32 =P 8 = 8 il Gp 
593152221... -| -—-1-00 +o.81 +78 +5 —2.5 
5932-2021... .] +1.06 +o0.81 ok SO | Sees! 
602;-2222....| +1.08 | +0.81 Su =p 8 | arenes 
BOQ4.= 20230 cra| etl OO +o.81 +88 +16 +1.7 
6022-285 ....| -+-1-30 --0.73 +68 — 4 | +0.7 
149 —238 ....| +0.79 —0.13 —I10 —16 | +3.5 


+3-45Mat 3.05T= +279 
+3.05Mat13.91T= +446 


mw =+17.9=+0"%030+0"004 
Pa=+65.0= +0" 107 +0"008 


Comp. Star Br. 


Lissa toe b 
OAS be ENE f 
Bialystok bf 
A f 
Bema aude ¢ ff 
Caer. S f 
7 ee f 
Sint a. AE Ian bb 


12H Dy, 


EEO 


005 
005 
008 
005 
O14 
005 
007 
007 
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Boss 5868=Bu 11936 a=22239™348 5=+38°56’ 


Pl. No. Date t Obs. Qy p m Remarks 
TCOMee | LOL uly 25 |+ 7° H vg |+o.553 |+0.57 ; 
be se a ken - + ie VM g |+o.553 |+0.57 | Sky thick 25™ exp. 
7Oleen Aug. 12 |+11.0 | VM fg |+0.302 |+0.62 
286:... Oct. 11 |— 3.7 | VM g |—o.590 |+0.78 
2862... . ir |+ 0.7 H g  |—o.590 |+0.78 
AS sao 11 |+ 7.2} VM g |—o.590 |+0.78 
3051... 12 |+ 8.2 | VM g |—o.602 |-+0.78 
BOSasie 12 |+12.5 | VM f |—o.602 |+0.78 
BOB bo. 13 |— 1.7 H { |—o0.614 |+0.79 
580...]1915 July 2 |— 4.0 H g |+o.801r |+1.50 
SOOure 3 |= 2.0 H fg |+o.791 |+1.51 
620% Aug. 1 |+ 1.5 H g |+o.462 |+1.50 
Mor.-Ev. Ap Am (6868) Comp) (5868) (Comp) At Remarks 
580-286:..| +1.39 | +o.72 | + 1] —27 | — 3] —15 |—0%3 
596-322 ..| +1.41 | -+0.72 | +10 | — 3 | +15 |] + 9 |—0.3 
ORO Pal) Sexo |) apr@nee ees es es || ey |e uts 
155-287 ..| +1.14 | —o.21 | —28 | —22 | —35 | —23 0.0 
150-3051..| +1.16 | —o.21 | +32 | +17 | +25 | +16 |—0.7 
170-3052..| +0.90 | —o.16 | +14 | +11 | + 8 | +11 |—1.5 | Star ee meas- 
ure 


+1.81 fot2.257=+ | are —26) c 
+2.25 Met8.46 r=+33 (5868) rye. omp.) 


mw =+ 5.5=+0*%009+0" 011 wT =— 1.8=—0'003+0.008 
(5868) hy Ne ” Sere (Comp.) so Seah ope (7 +0"018 
Ma=— 5.7=—0.009+0%024 a= —I12.I=—0.020+0.01 
Comp. Star Br. x y 7 125) Fe 
Tite ee fi +3!7 +1/8 —o"oor +0008 
2 ene: bf +1.4 +3.0 +0.009: ©.009 
stl rates © bf —2.1 +3.4 —0.033 0.007 
Aig eee bb —4.4 +0.8 +0.088 0.016 
LH eee bf —1.6 —1I.0 —0.032 ©.005 
Ovni me f —1.6 —I.I —0.025 ©.010 
Taio eens f — Ong —2.3 — 01023 0.007 
S chaterseen sees bf +1.1 —3.3 +0.023 0.005 
Oars b +7.7 —0.5 —0.002 +0.005 


shorter than that followed here, it has the disadvantage of not 

allowing the calculation of the parallaxes of the comparison stars. 

Schlesinger states: “Even when the computer decides not to employ 

the dependences to effect the solutions, they should nevertheless be 
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Boss 6097 a= 23hz9mc6s d=+55°15' 


Pl. No. Date t Obs. Qy p m Remarks 
62 .../1913 Nov. 23 |— 1°7 |“VM f |—0.832 |—o.10 
TSE... ptOt4 July 25 j= 0.75) VM te ong gz ictong7 
ESO © 26 |+ 2.2| VM g |+0.726 |+0.57 | Sky thick 25™ exp. 
LOR arcu 27 |+ 3.0 |H&VM| fg |+o0.717 |+0.57 | 2 exp. superposed 
POO™S Aug. 13 |+ 6.0 H g |+o.518 |+0.62 
Besrace Oct. 13 |—10.2 | VM fg |—o.394 |+0.79 
3232... BS aa toseal ere fg |—0.395 |+0.79 
330x-.- 14 |— 5:2.) VM & |—0.409 |+0.79 
3392... 44 |= 1.0) g |—°.409 |+0.79 
SO 7i Nov. ro |+ 1.2] Ca g |—o.729 |+0.86 
3072... Io |+ 6.5 H g |—o.729 |+0.86 
615 ...|1915. July 31 |— 5.2 H g |+o0.675 |+1.58 
Osai Aug. 1 |— 7.0] VM g |+0.666 |+1.59 
63356... I |— 2.7 H g |+0.664 |+1.59 
Mor.-Ev. Ap Am M v At 
Isi— 62....| +1.57 | +0.67 +31 +o | +1%0 
156 -367:....| -+1.46 —0.20 +12 +14 +1.0 
6311-3231....| +1.06 +o.80 +31 + 8 3102 
OL5 32325 jak 07 +0.79 +14 — 8 +0.5 
6312-3301... .|) 4-51-07 +o.80 +11 —12 +2.5 
£03/—3302-.-5-)) <-k 23 —0.22 —25 —24 +4.0 
£80/—30724- ees —0.24 + 2 + 3 —0.5 


+2.54uat 2.6447=+ 69 wT=+ 3.7=+0%006+0%006 
+2.64Mat10.837=+102 pa=+23.3=+0%039+0%012 


Comp. Star Br. x y 7 P.E. 

Toe: f —olr +0!5 +0"%003 | +0009 
raat bf Ons +1.8 +o.002 0.005 
5 el eae f +2.6 +2.6 —0.004 0.007 
Ane ee bf —2.1 +5.4 —0.001 0.006 
ee A tre bf —3.3 —1.6 —0.003 0.003 
OR orator bf —1.5 —3.6 —0.017 0.006 
Tics eoutas f —0.5 —1I.4 +o.050 0.013 
San cenes f +2.5 —2.9 —0.029 | +0.008 


computed, since a knowledge of them is indispensable for an intelli- 

gent discussion of the measures.”’ This, however, is true only when 

the distance of the parallax star from the ‘‘center of gravity” of the 

comparison stars is not small. When, as in our case, by the use of 

more and fainter comparison stars we can nearly always make this 
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difference very small, the dependences become practically the same 
(namely, r/n where n is the number of these stars) and the knowl- 
edge of their values is unnecessary. 

As follows from the foregoing discussion, the comparison stars 
must fulfil several conditions: their mean magnitude should be 
nearly the same as that of the reduced parallax star; they should 
be as near the parallax star as possible; their center of gravity 
should be as near as possible to the parallax star. Moreover, they 
should be faint; in the computations we have assumed that their 
parallaxes and proper motions are zero, and the fainter the com- 
parison stars the greater is the chance that these quantities will not 
be large. 

The regular exposure time of 15 minutes gives us on Seed “23” 
plates stars as faint as magnitude 13.7. This limit, like all others 
in the discussion, was derived from countings of the stars in 16 fields 
by means of Kapteyn’s tables which give the logarithm of the num- 
ber of stars per square degree.’ In the beginning stars from 11.2 to 
13.7 were used for comparison purposes. In the discussion of the 
results it will be shown that it is better to avoid the very faint stars 
on the plates, and later the range of magnitudes was accordingly 
restricted from 11.2 to 13.2. For the sky as a whole there will 
be an average of 13 stars within a circle of 8’ radius available for 
comparison purposes, although near the poles of the Milky Way the 
number will be considerably smaller. Except for these regions it 
is clear that it will always be possible to fulfil very closely the con- 
ditions mentioned above. 

By extrapolation from Kapteyn’s tables? we find that the mean 
parallax of stars of the magnitudes used for comparison objects will 
range from 07003 to o’0015; to change our final relative parallaxes 
into absolute values we must therefore correct them by about 
+6" 002: 

The number of comparison stars used, except in one case, has 
been 8 or more. A number larger than the necessary 3 is advisable, 
not only because it facilitates the fulfilment of the condition that 
the center of gravity of the comparison stars shall be near the paral- 

* Publications of the Astronomical Laboratory at Groningen, No. 18, p. 54, 1908. 

2 Ibid., No. 8, p. 31, 1901. 
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lax star, but also because it enables us to see if any of the stars used 
for comparison purposes has a large parallax or proper motion, 
which if necessary can then be rejected. Such cases will be more 
easily detected and at the same time be less vitiating to our final 
parallax, the larger the number of comparison stars used. 

The method followed here, in which a morning and an evening 
exposure are combined into one pair, has several advantages over 
that in which all plates are measured and reduced separately. In 
the first place, it saves time at the measuring machine and some also 
in the reductions, unless we use the method of dependences. In 
the second place, with plates taken from 15° east to 15° west of the 
meridian, there will be an hour-angle error in each, although its 
effect may be made small by selecting comparison stars near the 
parallax star. In combining plates whose hour-angles are nearly 
the same, on the other hand, this effect enters only differentially. 


THE DETAILED RESULTS 


The detailed results for each star are collected in the tables. 
The right ascension and declination for 1900 are from Boss’s Pre- 
liminary General Catalogue. ‘The first table for each star contains 
the necessary data for the plates, viz., the current number; the 
date of exposure; the hour-angle in degrees, ¢; the initial of the 
observer, Obs.; the quality of the plate, Qy; the parallax factor, 
p; and the factor for annual proper motion, m. Under the head- 
ing Obs., H indicates Hoge; VM, Van Maanen; Ca, Capon; 
C, Campbell; Sh, Shapley; P, Pease. For the quality we have 
used p for poor, f for fair, g for good, and as for plates showing 
asymmetrical images. 

The second table for each star shows the combinations of morn- 
ing and evening plates as measured; it contains the difference in 
the parallax factors, Ap, and that in the proper motion factors, Am. 
Under M is given the value of Apr+Amu, for each pair of plates; 
under v the residuals; under At the difference in hour-angle; then 
follow the normal equations and the results. Thus far every 
measured quantity is expressed in 1/2000 of a revolution of the 
micrometer screw as a unit. To convert the final 7 and », in sec- 
onds of arc we must multiply by 0.001649. 

159 


30 ADRIAAN VAN MAANEN 


The third table contains the data for the comparison stars used. 
The values of the brightness in the second column were estimated 
from one of the plates of each field. The countings mentioned on 
p. 28 give as approximate values for the corresponding magnitudes: 


bb=11.2-11.6 
Db = 1927-121 
bf =12.2-12.5 
{ =12.0-13.2 
ff =1373-33727 


The co-ordinates in right ascension and declination are given 
in minutes of arc, positive values indicating that the comparison 
stars are east and north of the origin of the co-ordinates. This 
table also contains the parallax and its probable error for each of 
the comparison stars. The sign : is used to mark a doubtful value. 

In all least-squares solutions the usual checks were applied. 


SUMMARY OF RESULTS AND DISCUSSION 


The results are summarized in Table I, which contains in the 
successive columns, (1) the number from Boss’s Preliminary General 


TABLE I 
SUMMARY OF RESULTS 
Bos PGC |Harverd| tram | Boss | Paratiac | PE: [go Ma Boss | mq VM | Boss—VM 
96....| 5.69 | Kop | 0%056 |+0%006 | o%005 | 16 |—o%049 |—0%073 |+0%024 
A200 eoOS Ki | 0.009 |+0.004 | 0.007 | 14 0.000 |+0.o011 |—o.o11 
592...-| 7-37 | F4 | 0.152 |+0.008 | 0.015 | 14 |+0.152 |+0.142 |+0.010 
BOs meee 57) F3 | 0.140 |4+0.028 | 0.014 | 14 |+0.140 |+0.169 |—0.029 
672....| 5.61 | G2 | 0.035 |—0.009 | 0.004 | 14 |+0.028 |+0.079 |—0.051 
1549....| 6.30 | Map | 0.027 |+-0.00r | 0.001 | 16 |+0.023 |+0.016 |+0.007 
1868....| 5.87 | Kip | 0.020 |+0.006 | 0.003 | 16 |—0.018 |—o.010 |—0.008 
2020....| 5.81 | Map | 0.015 |+-0.004 | 0.005 | 14 |—0.014 |—o0.012 |—0.002 
2921....| 6.22 | Map | 0.095 |+0.078 | 0.006 | 10 |+0.077 |+0.059 |+0.018 
3233...-| 6.08 | Go | 0.072 |-+0.003 | 0.010 | 12 |+0.052 |+0.053 |—o.0ot 
3050....| 5.54 | F* | 0.267 |+0.096 | 0.003 | 12 0.259 |—0.302 |+0.043 
4048....| 5.76 | K5p | 0.083 |-+0.038 | 0.010 | 10 |—0.073 |—0.081 |+0.008 
4393..--| 5.78 | G7 | 0.045 |+0.013 | 0.005 | 12 |+0.042 |+0.062 |—0.020 
4555----| 5.92 | Ks | 0.044 |+0.024 | 0.004 | 18 |—0.006 |+0.048 |—0.054 
4860....| 5.80 | Ko | 0.085 |+0.024 | 0.006 | 16 |+0.070 |+0.019 |+0.051 
5043....| 6.04 | K2 | 0.017 |+0.004 | 0.004 | 12 |+0.016 |+0.012 |-+0.004 
5184....| 5.72 | Fo | 0.155 |+0.035 | 0.004 | 14 |+0.133 |+0.132 |+0.001 
5210....| 5.82 | Bz | o.orr |-+0.006 | 0.002 | 12 |+0.003 |—o.018 |-+o.021 
BS LORE re eS 4a 0.134 |-+-0.030 | 0.004 | 18 |+0.120 |+0.107 |+0.073 
5868....| 6.12 | K2 | 0.016 |+0.009 | 0.011 | 12 |—0.007 |—0.009 |-+0.002 
Go07eEE a LOL O2slGSs 0.029 |+0.006 | 0.006 | 14 |+0.026 |+0.039 |—0.013 
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Catalogue; (2) the magnitude on the Harvard system; (3) the 
spectrum as determined by Adams, or by Miss Cannon in which 
case the spectrum is marked by an asterisk; (4) the total proper 
motion, derived from Boss’ Catalogue; (5) the relative parallax; 
(6) its probable error; (7) the number of exposures; (8 and g) the 
proper motion in right ascension as given by Boss and in this paper, 
respectively; and finally (10) the difference between these proper 
motions. 

The mean relative parallax of these 21 stars of mean magni- 
tude 6.0 and of mean proper motion 07072 is +0"020. With the 
number of exposures ranging from 10 to 18 the mean probable error 
is 0” 006. 

In seeking for evidence of systematic errors we may first examine 
the results for the proper motions as compared with those deter- 
mined by Boss. Their mean difference is less than o”001, while 
there are 12 positive and g negative signs. This is as good as can 
be expected. 

A more promising point for the discussion of systematic errors 
with the material now available is revealed by an examination of 
the parallaxes of the comparison stars. These might show that the 
parallaxes need a correction for magnitude or one arising from the 
neglect in the reductions of the quadratic terms of the co-ordinates 
of the comparison stars. The mean parallax of the comparison 
stars arranged according to their magnitude is given in the following 
table, where z is the number of stars used: 


| bb | b bf f fi 
Meanz ..| +0.035 0.000 +0.003 | +0.001 | —o.o1I 
WW ensncteiasoks 4 II 37 85 30 


The value for the brightest stars is very uncertain, their number 
being only 4 while one of these stars has a parallax of +07088. 
The next three classes do not show any sign of a magnitude error, 
while the faintest stars have a mean parallax of —o’o11; this value 
can be explained by the larger uncertainty in the measures of the 
faintest stars, for which the probable error of the parallaxes is 
o”o14, while for the other stars it is only o%008. When this 
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became evident, it seemed best to avoid the use of the very faint- 
est stars for comparison purposes, which has been done for the later 
fields measured. This fact, however, may have vitiated the final 
parallaxes to some extent. If we suppose the parallaxes of the 
brightest stars to be due also to a magnitude error, the necessary 
correction for the parallax stars would be, in the mean, —o‘oor2. 
If, on the other hand, we suppose them to be due to accidental 
causes, this correction might be as great as —0"0020. 

For the investigation of a possible error in the parallaxes of the 
principal stars due to a neglect of the quadratic terms in x and y, 
the parallaxes of the comparison stars were divided into 37 groups 
according to their positions on the plates, each group containing 
from 1 to 13 stars. The weighted mean of each group was 
used as the second member of an equation of condition of the 
form: 


+a+bx-+cy+ dx? exy+fy?=mean 7. 


These equations were solved by least squares. The result is a mean 
correction for the central stars of +0”0008 +0”0020. 

From this it will be clear that the systematic errors due to the 
causes mentioned above cannot have vitiated the final results by 
more than o”oor or o%002. The exact effect of sytematic errors 
can be shown only after the lapse of some time, when there will be 
enough material available for a comparison with the results ob- 
tained at other observatories. 

As stated before,’ the small amount of extra work involved in 
computing the parallaxes of the comparison stars not only helps to 
give an idea of systematic errors, but may also give information as 
to the mean parallax of the faint stars, and as to the law which 
expresses the probability of a star’s parallax being a certain multiple 
of the mean parallax. The material available (168 stars) is insuffi- 
cient to afford any definite conclusions upon this point, but with 
the results for a thousand comparison stars it may prove to be of 
some value. 


* Reference to this point was made in a paper read at the August meeting of the 
American Astronomical Society in 1915. 
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It has been stated on p. 24 that the same weight has been 
assigned to all the pairs of plates. An examination of the residuals, 
v, given in the tables of detailed results should show whether this 
is justified. Using for theesake of brevity figures 1 to 6 for the 
quality of a plate from poor to very good, we have the following 
table showing the relation of v to the mean quality of the plates, in 
which 7 again is the number of deviations used: 


Mean Quality 
2.5 3 325 4 4.5 5 5-5 
Meantoraas| aera 6 13 14 13 II 9 
eee ee ae eee ee 7 IQ 24 35 AL 4 
Mean v..... Om eee II 12 Io ok We eeeoru 
tS es 1 | lors ee 8 2 Peo Mia 5 65 


The last two lines refer to the plates marked asymmetric. 

It thus seems entirely justifiable to assign the same weight to 
every pair of plates, as has been done throughout the work. 

I wish to express my thanks to Mr. Hale and several members 
of the staff for the interest they have continuously shown in my 
work and for several suggestions they have made. I am greatly 
indebted to Mr. W. P. Hoge, night assistant, who aided very effi- 
ciently in securing a great number of the exposures; and to Messrs. 
F. G. Pease, H. Shapley, and R. S. Capon, who kindly took several 
exposures during my absence from the Observatory. I also wish 
to express my thanks to Miss Helen N. Davis of the Computing 
Division, who made all the duplicate computations needed in the 
work. 


Mount WItson SOLAR OBSERVATORY 
October 1915 
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LIST OF STARS WITH PROPER MOTION EXCEEDING 
o’50 ANNUALLY—ADDENDA AND ERRATA 


BY ADRIAN VAN MAANEN 


The following numbers of the list in Mt. Wilson Contr., 
No. 96° (several of which were marked doubtful) should be excluded: 
Nos. 6, 7,°63, 00, 130, 167, 196) 226; 267,7°330, 329, 304, 25470380, 
390, 441, 442, 480, 514, and 526. 

Further, in the case of 


No. 25 read $= 66°6 No. 269 read $= 268°%0 

o 02) p> “Yan 890 nA “325 add B G.C. 7166 
18. = “= 26623 “365 read $=304°7 

“ 762 * “= 209.3 6 440 te Il.7 

cc 166 ce “=179.0 ce 499 cc Gores 61.9 

“* 187 delete Sp. Bin. “ so8 add 6 G.C, 12274 


247 read $= 291°6 


Attention may be drawn to Porter’s note in Astronomical 
Journal, No. 678, which gives several stars whose proper motions, 
as indicated by later observations, are a little below the limit of 
half a second. 

Besides the additions to the original list which appear in the 
accompanying table, 12 stars with proper motions in excess of 
o”s0 have just been given by Wolf in Astronomische Nachrichten, 


201, 345, 1915. 


t Astrophysical Journal, 41, 187, 1915. 
2 Astronomische Nachrichten, 201, 271, 1915. 
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Contributions from the Mount Wilson Solar Observatory, No. 112 
Reprinted from the Astrophysical Journal, Vol. XLIII, 1016 


ON THE CHANGES IN THE SPECTRUM, PERIOD, AND 
LIGHT-CURVE OF THE CEPHEID VARIABLE 
RR LYRAE 


By HARLOW SHAPLEY 


I. INTRODUCTION 


The seventh-magnitude star RR Lyrae is the brightest repre- 
sentative of the cluster-type subdivision of the Cepheid variables." 
Because of its brightness and its period of 13.5 hours the star has 
appropriately received more consideration of various kinds than 
other members of the class. Its study, therefore, may contribute 
more than that of the ordinary cluster-type star to our knowledge 
of the nature of Cepheid variation. 

The variability of the light was first noted at the Harvard Col- 
lege Observatory by Mrs. Fleming prior to July 1899, and was 
announced in 1901.7, The discovery was effected in a unique man- 
ner. An exposure of 63 hours on the field of the variable was inter- 
rupted for a few seconds every half-hour by means of an automatic 
device that stopped the driving clock and thus permitted the stars 
to drift to new places on the plate. The resulting rows of thirteen 
images furnished for each star a means of detecting any conspicuous 
short-period variation. The new variable was immediately placed 

We must here except 8 Cephei, for which the amplitude of light-variation is 
too small for ordinary photometric investigation. It is very likely that in the course 
of time many other naked-eye stars will be included among the cluster-type variables 
of small light-variation; for instance, 8 Canis Majoris for which the spectrum and 
the spectroscopic orbit are nearly identical with those of 8 Cephei (Lick Observatory 
Bulletins, 6, 22, 1910), and 12 Lacertae (Journal of the Royal Astronomical Society of 
Canada, 9, 423, 1915). Similarly other bright stars may be found to be Cepheids of 
longer periods and of small variation, such as is suggested very recently by Guthnick 
and Prager for a Cygni (Astronomische Nachrichten, 201, 443, 1915). For 12 Lacertae, 
observations of the spectrum by the writer, using the 1o-inch portrait lens and objec- 
tive prism, have shown no conspicuous change throughout the four-hour period either 
in stellar magnitude or in spectrum lines. 

2 Harvard Circulars, No. 54, 1901; Astronomische Nachrichten, 154, 423, 190l. 

3 Harvard Circulars, No. 29, 1898; Astronomische Nachrichten, 147, 93, 1898. 
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upon the observing-list of the polarizing photometer at Harvard, 
and the long series of measures by Professor Wendell are of highest 
value in studies of the star’s peculiarities.* 

That RR Lyrae is a spectroscopic variable of the typical Cepheid 
variety was discovered at the Lick Observatory by Kiess, who also 
published photometric observations of the star and some considera- 
tions of changes in the intensity of the continuous spectrum.” As 
is usual for Cepheid variables the spectroscopic study discloses an 
abnormally small mass function and a very small apparent orbit, 
while no trace of a secondary spectrum is found. The periodic 
shift of the spectral lines suggests the explanation that the variable 
moves in an. orbit about an obscure companion, but the improba- 
bility of the double-star interpretation has been pointed out in a 
previous articles It was found, in fact, from Wendell’s photomet- 
ric observations of RR Lyrae that the time of the rise to maximum 
light varied greatly from that required by a uniform period,‘ and 
that to a certain extent the variation was erratic. More recently 
Martin and Plummer, in a photographic study of the light-curve, 
have considered the possible interpretation of this type of variation, 
concluding that the evidence is strongly against the double-star 
interpretation, and that a hypothesis involving pulsations is much 
more reasonable.’ 

The present communication contains a further discussion of the 
anomalies of the light-variation, as far as they are shown in the 
several available series of measures, as well as a report on some 
observations of the star’s spectrum. It is hoped that through inves- 
tigations of this kind the true explanation of Cepheid variation can 
be definitely determined, and this in turn should throw light on the 
method of stellar evolution. 


* Harvard Annals, 69, Part I, 45, 1909; Part II, 124; 1914. 
2 Lick Observatory Bulletins, 7, 140, 1913. 


3“On the Nature and Cause of Cepheid Variation,” Mt. Wilson Contr., No. 92; 
Astrophysical Journal, 40, 448, 1914. 


4 Publications of the American Astronomical Society, Report of the 16th Meeting, 
p. 16, 1914; Popular Astronomy, 22, 144, 1914. 


5 Monthly Notices, 75, 566, 1915. 
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Il, VARIATION OF THE SPECTRUM 


Harvard classifies the spectrum of RR Lyrae as F2 Kiess 
observes that the hydrogen lines H8, Hy, and Hé are of equal inten- 
sity and that the calcium line K is about 0.8 as intense as H+He. 
On a photograph of the spectrum, made by the writer with a 15- 
degree prism mounted in connection with the 10-inch Cooke photo- 
graphic triplet, the line K was seen to be less than 0.1 the intensity 
of H+He. A series of observations was accordingly undertaken 
for the purpose of determining the class of spectrum at different 
phases of the light-variation. The results are collected in Table I. 

Most of the plates listed in the first column contain multiple 
images, and the corresponding exposures are designated by post- 
script letters. The phases in the fifth column will be discussed in 
a later section of the paper. The brightness in the seventh column 
increases with the number designating it. 


TABLE I 


THE SPECTRUM OF RR LyRAE 


No. Plate Date G.M.T. eden Phase Spectrum | Brightness | Remarks 
IQI5 

DOME aie Nov. 27 | 16555 to™ | —o%031 Ao 5 

Fel, Se 8) BRO EA ROSE 17 22 15 — .013 Ao 5 Low 

SP elie oe Dec Sri) 14522 10 + .003 A6 2 

2 Dottie SAS. | weraye, chaos. 14 33 Io + .100 A8 2 

Boise cis «ais clveye oie Tige28 15 + .135 As 2 : 

BU. ik. ee cope aR Ne dome) II + .167 A8& I Diffuse 

Btls Suv eo weEeseose 16 23 II + .177 A8 I 

ACT ee areas Dec. Ou et4 52 be) — .021 Bo 5 

ZIG) Ss Bon ia al CRE ROE is 4 be) — .o12 Ao 4 

ACK eth ia' | Soe eiete Bre i: I5 19 I5 — .Oo1 A2 4 

I ep SN ORS er eRe 17 20 10 + .083 Aq: 3 Haze 

S20 reie yf Dec. x0 |) 1429 16 + .307 A8: ° Faint 

G2 Or eles euel| cesar steven 14 40 24 + .411 F2 fo) 

GCM M YL Srasiel|'steraae crise 16 16 + .466 A7: I Clouds 

Gita ee ace Meaameeg 17,50, II + .513 A2 3 Drift 

BOD sx oie os Dec. 11 I4 45 10 + .275 | >A2 2 Clouds 

elie tactical eae teroene i) 4 26 +0.288 | >A5 2 Clouds 


A conspicuous change of spectrum with magnitude is at once 
apparent. The determinations of the class, except in the cases 
marked as uncertain, are fairly definite, though high accuracy is not 


t Harvard Annals, 55, 25, 1907; 56, 194, 1912. 2 Op. cit., p. 144. 
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to be expected because of the small dispersion. The classification 
was made without knowledge of the phase of variation or the rela- 
tive brightness of the star, and similarly the estimate of the inte- 
grated brightness of the spectrum, relative to that of neighboring 


Hours 


3 ° +3 +6 +9 


Fic. 1.—Top: Mean visual light-curve of RR Lyrae (observations by Wendell) 
and variations of spectrum (Shapley). 


Bottom: Photographic light-curve of RS Bodtis (Scares and Shapley) and varia- 
tion of spectrum (Pease). 


stars, was made without knowledge of the phase or the spectral 
type. The relation of the variation of spectrum to variation in 
light is shown in Fig. 1, the spectral classification being plotted along 
the mean light-curve derived from Wendell’s observations. 
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A notable feature of this change of spectrum with changing light 
is that the variation is from one recognizable spectral type to 
another. Moreover, it is a change from one spectral type to another 
that adjoins it in the usual conception of the evolutionary sequence 
of spectral classes. We might say that in this star we have visible 
proof of the evolution of stars along a spectral series—a phenome- 
non that is universally believed to exist, but for which our evidence 
heretofore (if we except the phenomena of novae) is altogether the 
indirect evidence of the continuous gradations from one star to the 
next of various constant characters (such as spectrum, motion, 
intrinsic luminosity), and not the direct fact of variation. 


Julian Day 
5000 6000 7000 8000 goo0o 10000 


Fic. 2.—Long-period variation in light-elements of RR Lyrae. Open circles in- 
dicate observations of weight less than 3. 


The data of Table I could be increased without trouble, but 
beyond establishing the qualitative result there is little more to be 
done to advantage with low dispersion. The change of spectrum 
with brightness is considered proved. This is in complete agree- 
ment with the results for SW Andromedae? and RS Bo6tis.3 For 
all variables of the cluster type we should expect a similar variation 
of the spectrum, at least for those for which the photographic range 
exceeds the visual. 

The photographic range of RR Lyrae, according to Martin and 
Plummer, does not exceed the visual, a result hardly to be expected 

tSee “A Short Period Cepheid with Variable Spectrum,” Proceedings of the 
National Academy of Sciences, 2, 132, March, 1916. 

2 Mt. Wilson Contr., No. 92, p. 10; Astrophysical Journal, 40, 457, 1914. 

3 Mt. Wilson Contr., No. 92, p. 10; Astrophysical Journal, 40, 457, 1914; Pub- 
lications of the Astronomical Society of the Pacific, 26, 256, 1914. 
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if the change in spectrum is from a normal A type at maximum to 
the redder F type at minimum.’ Their result, however, 1 not 
necessarily conclusive, for none of the photographic series of meas- 
ures completely covers the maximum. Moreover, Fig. 3 indicates 
that the individual maxima may vary greatly in height. It may 
be, then, that simultaneous observations of the spectrum and of 
the photographic and visual light-curves, referring the light-curves 

J. D. 4921 

-64 .68 


Loa a 


J. D. 4925 
abe? .60 -64 -68 


7-3 A 


7-5 


AY -78 .82 .66 -74 -78 


° TA .70 
J. D. 9697 J. D. 9701 


Fic. 3.—Variations in the shape of maxima of RR Lyrae. 


to standard magnitude scales, would show either a visual range less 
than the photographic, or, when equal, no change in the spectrum. 


iI. THE MEAN PERIOD AND ITS SLOW VARIATION 


From the first year’s observation of RR Lyrae, Wendell found 
the approximate period 075668, and chose as a convenient epoch 
of reference the round numbers J.D. 2414856.5000, G.M.T.2 In 
this case, as in many others where light-elements have been deter- 
mined at Harvard, the initial epoch is not intended to be coincident 
with a principal phase of the light-variation—maximum or mini- 

* The variation in photographic magnitude is 0. 80, and visually (Wendell) is 0.84. 

? Harvard Annals, 69, Part I, 95, 1907; Part II, 165, 1914. 
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mum.’ In the present case the chosen epoch comes nearly an hour 
after the observed maximum, but the two have been used as coin- 
cident in various discussions of the period. This has led to some 
error in determinations of, the light-elements, and particularly in 
comparisons of photographic and visual variations; but the chief 
criticisms of the two or three recent discussions must be that the 
long and important series of Harvard observations have been almost 
completely neglected, and that the periodic irregularities in the 
form of the light-curve have been ignored. 

No attempt to improve the light-elements was made at Harvard 
after 1900, and the phases of all the observations by Wendell are 
computed from the foregoing approximate elements. Hertzsprung 
found that the mean period should be lengthened,’ deriving the 
value 0156682. Fontana’ suggested, on the basis of data he con- 
sidered weak, that the period should be still longer, 045668267; 
and Kiess derived at the same time the value 04566826, finding 
difficulty in harmonizing photographic and visual observations. 
In the most recent discussion Martin and Plummer conclude that 
the period is increasing secularly from the value given by Wendell 
in 1899 to 07566863 in 1914, giving the formula for maximum: 


J.D. 2414856.470+0. 566798E+(10~4 E)?+ 3. (1) 


That the period of RR Lyrae is not constant is shown clearly in 
the two Harvard series.4 Plotting the observations, it is also 
immediately evident that Wendell’s approximate period soon fails 
to represent his measures. A better uniform period for the observa- 
tions of the first three years is the same one that, within the known 
errors and irregularities, represents the observations by Martin 
twelve years later. The period, then, is probably not longer now 
than it was fifteen years ago, but in the interval it has not remained 
constant. 

A closer examination of this question, which may have an impor- 
tant bearing in the interpretation of Cepheid variation, is afforded 

t See a case cited in Popular Astronomy, 20, 656, December 1912. 

2 Vierteljahrsschrift der Astronomischen Gesellschaft, 46, 284, 1911. 

3 Fontana was the first to suspect a variation in the mean period, Memorie della 
Societa degli Spettroscopisti Italiani, Serie II, 2, 188, 1913. 

4 We are not yet considering the short-period oscillations. 
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by the material collected in the following tables. «he various 
sources of light-observations, so far as they are known to the writer, 
are enumerated in Table II. 

In all these series of measures very few continuous sets cover 
light-maximum, and but little could be determined of the variations 
in the period if we depended only on actual measures at the bright- 
est phase. On the other hand, a great many determinations are 
possible of some selected point on the steep rising branch of the 
curve, for much of Wendell’s work was evidently planned with an 
investigation such as the present in view. His series of nightly 
measures usually cover only the steepest part of the ascending 
branch, and, though they serve but little in showing directly the 
changes in the shape of the curve, they are of prime importance 
in studying the period, and especially in demonstrating the oscilla- 
tions in the time of the rise to maximum light. 


TABLE II 


SOURCES OF OBSERVATIONS OF RR LyRAE 


Observer Place Publication Fp ao Interval Number 
Wendell Taser. Harvard | H.A., 69, 45 Polarizing | 1899.6-1902.1 241 
Wendell IL. .-.. Harvard | H.A., 69, 124 Polarizing | 1903.8-1907.7 61 
Von Zeipelen...- Upsala A.N., 177, 372 | Zollner 1906 .9-1908.0 38 
Haynes "ea ae Laws Obs.| Unpublished Zollner 1908. 4-1908. 5 24 
Hertzsprung.....| Potsdam | Unpublished* | Photogr. |............... 160 
Hontanaeeeeene Catania | Spett. It., 2, 183) Wedge I912.4-I912.5 44 
Mownleycrae te Lick Obs. | L.0.B., 7,141 | Wedge I9g12.6-1912.7 40 
IKIeSS Weta cerciers Lick Obs. | L.0.B., 7,141 | Wedge I912.6-1912.9 130 
Shapley.aecsnee Princeton | This paper Polarizing | 1913.8-1913.9 28 
Martini hina: Dunsink | M.N., 75, 566 | Photogr. I913.8-1914.9 | 108 


*Vierteljahrsschrift der Astronomischen Gesellschaft, 49, 192, 1914. For Hertzsprung’s notes on the 
proper motion, sce Astronomische Nachrichten, 196, 205, 208, 1913. 


The time on the ascending branch when the magnitude is half- 
way between the minimum and maximum values has been chosen 
as the epoch of reference, and for convenience will be referred to as 
the time of median magnitude. The method of determining these 
times is as follows: Neglecting the computed and published phases, 
the observations from all sources are reduced to Greenwich helio- 
centric mean time and plotted on a uniform scale, furnishing frag- 
mentary light-curves for each Julian Day on which the star was 
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observed. A mean light-curve, plotted to the same scale on tra- 
cing paper, is superposed on the plot of each night’s measures and 
adjusted in the time co-ordinate so as to satisfy all the observations 
as closely as possible. The-time of the median magnitude is then 
read off, with an error of not more than two or three minutes in a 
good series of observations. 

For the photographic observations the mean curve by Plummer 
and Martin was used. To determine the time of median magnitude 
for the visual observations a mean curve was derived from Wendell’s 


Mag. 


Fic. 4.—Observed ascending branches and computed times of median magnitude 
for epochs 144, 195, 225, 765, 2755, 3706, 5271, 9210. The existence of the short- 
period oscillation is illustrated. 


first series. Allowance was made in each observer’s work for the 
difference in range of variation, a factor depending on the choice 
of comparison stars as well as on the scale of the photometer. To 
form the mean visual light-curve the phases in Harvard Annals, 69, 
Part I, are corrected to conform to the period 04566826, and the 
initial epoch adopted by Wendell is retained. The resulting normal 
magnitudes are given in Table III and the curve is plotted in 
hige ts 

It should be noted that the determination of mean curves for 
stars of this type probably has no value beyond occasional use, such 
as the present. The great deviation in the form at different epochs 

t Such as are plotted in Fig. 4. 

2 Tt was found after the completion of this work that the correction for the equa- 
tion of light applied at Harvard to the phases in this series of measures was made with 


the wrong sign. As the correction is not large, the error has little effect on the 
mean curve. The times of observation recorded at Harvard are geocentric. 


3 See Fig. 3. 
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makes a mean curve representative of only those possibly widely 
unlike maxima which chance to compose it, and at most but a 
rough model of the curve at an unobserved maximum.’ With this 
idea in mind no attempt is made to derive a definitive mean curve 
from all the observations, or even from the homogeneous Harvard 
series alone. 


TABLE III 
NorMAL MAGNITUDE CuRVE OF RR LyRAE 
No. No. 
No. Phase Observa- | Magnitude No. Phase Observa- | Magnitude 
tions tions 

Tee 04018 8 6.07 Tone cee 01369 4 7.67 
SP BOSE .034 5 7.04 TQ intscwi - 388 7 7.64 
Zivcisonts O51 7 7.09 ZO ctees .412 2 7.66 
Borers: .065 3 7.19 PS tee ees .426 7 7.66 
Geran .087 3 7.30 22: fists ats -436 Io 7.68 
One oes 108 4 eae 7 ere -444 6 7.07 
ye are erat 130 3 7.39 QA cahte .456 9 7.66 
So eae weatte .148 3 7.43 DENS ater 466 8 7.62 
Ome . 169 7 7.44 20ncere -475 9 Giese 
TOs 190 5 7.50 ON fetes Pins 486 I5 7.41 
5 hom ote 209 6 eee DB iernte -495 sy) 7.25 
5 Pe rarer 230 8 7.56 20 ite are 505 22 Tiki 
ES ros . 248 4 7.59 ZO) ctorre Ss 18 7.00 
TA esis 5s: . 268 6 7.58 EP some: 525 I2 6.93 
TSonteae . 296 4 7.61 os ti: 540 5 6.83 
LOM ees 336 4 7.60 Beas 0.564 5 6.88 
WiC RE Dak 0.348 4 7.64 


The short series of observations by von Zeipel, Haynes, and 
Fontana contain no sets of successive observations sufficient to give 
the time of the rise to single maxima, but in each case a mean curve 
of more or less weight can be obtained which gives a determination 
of the time of median magnitude for the mean date. These obser- 
vations cannot be used, however, to discuss short-period oscilla- 
tions. 

The observations by the writer, made with the polarizing pho- 
tometer and 23-inch refractor of the Princeton Observatory, have 
been reported upon briefly in an earlier note? The individual 
observations are now given in Table IV. The comparison star is 

* Harmonic analyses of the light-variations of cluster-type stars, if they are to 
have any meaning, must make allowance for these wide oscillations. See, for example, 
the diagrams of maxima of XX Cygni, Astrophysical Journal, 42, 1 59, 160, 1915. 

2 Popular Astronomy, 22, 144, 1914. 
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B.D.+42°3328, for which the Harvard" visual magnitude is 8.96. 
My observations show the same range as Wendell’s, but the whole 
curve is oMrs below his, evidently because the comparison stars are 
different and their adopted magnitudes may have errors of that 
amount. Only one measure of the time of the median magnitude 
is obtainable from this series, but that determination is of consider- 
able weight (Fig. 4). 
TABLE IV 


PRINCETON OBSERVATIONS OF RR LYRAE 


No. EST. G.H.M.T. | Julian Day |Mag. Diff.| Mag. Remarks 
1913 2420000-+ 
TAB A sack aes Oct. 23 6516™|) 1x2516™| 64.460 Tors 7.81 
ie eee 2705 28 478 fens 7.81 
Bie eames ee ees 38 38 485 Tey, 7.79 
PSs re a 49 49 499 1.18 7.78 | Clouds 
Bata ts toys ateiwtavars FP lel. 26) G 503 1.26 7.70 | Thick 
OSsaeies oe cas 15 15 510 1.24 oP 
Ph RIES sacs 30 30 521 I.22 7.74 | Clouds 
RaC rate are crs,s/acst 45 45 531 Te23 Tsaes 
Qs arse evade ings Nov. 5 5 506 Io 56 77.450 1.24 ae 
RO Migycttca nc cceneaie fe a. ots) ase. TG 462 Teen 7.85 
DDO. chs ews lepers 16.5 16 469 I.10 7.86 
5 aT eS 26 26 476 TELL 7.85 | Haze 
EQ cae Ce8 cates 43 43 488 Tors 7.82 
1b. eee hee Sener 54-5 54 496 1.28 7.68 
Sok: Ie AGS Loud 503 1.43 ose 
TE Oars sisi sik toys te 13 13 509 Task 7.45 
D7 Mayes hee ase, « 2255 23 516 GoLye 7.45 
LO Paoscaanilere 35 35 524 1.77 7-19 
EQ rs (taioaragee es 45 45 531 1.80 710 
DOr NRE Cais 8 o TO) 542 1.97 6.99 
DN e otro Seite 2 12 12 550 2.07 6.89 
2 Beata cichotote egsicaee 23 23 558 2.01 6.95 
DIES aes a et eS Nov. 17 5 35 IO 34 89.440 1.98 6.98 
PY UNS Srey ie haee 46 45 448 1.07 6.99 
25 atisisisiaraict « i 56 456 1.96 7.00 
DOR eiscainee ores G Tog wh 462 1.98 6.98 
2S akeraraveis wiavelays 20 19 472 I.90 7.06 
yo CT GRO Or 30 29 478 1.85 Ghent 4 


The epoch of the one maximum (photographic) available from 
Hertzsprung’s observations is taken from the statement by Kiess.? 
It is corrected to the time of the median magnitude by means of 
the Dunsink mean photographic curve—a doubtful procedure, 
hence the low weight assigned it in Table V.3 

t Harvard Annals, 63, 178, 1913. 

2 Op. cit., p. 140. 3 The observation is not plotted in Fig. 2. 

177 


12 HARLOW SHAPLEY 


The data for the discussion of the period are summarized in 
Table V. The heliocentric times in the second column refer to the 
median magnitude. The number of the epoch in the third column 
is counted from the initial epoch used by Wendell. Weights 
depend on the number and arrangement of the observations and 
on the general reliability of the photometric method involved. 


TABLE V 
OBSERVATIONS OF MEDIAN MAGNITUDE 


No J.D.andG.H.M.T.| Epoch Observer Weight O-C: O-C, O-C; 
2400000-+ 

Tce 14913 .690 100 | Wendell I 2 |+oforg |+o%o12 |+o04014 
eco 6 14921.624 114 : 7 I+ .or3 |-+ .or0 |+ .o12 
EES 14925.509 121 “ 6 |+ .o2t |-+ .018 |+ .020 
Tptoaeas 14933 .514 135 < 2 .000 |— .004 |— .002 
Sarat 14938. 611 144 ; Gy ji eek |= sees) |= cei 
Os come 14947 .684 160 . 3\) |= .00T) |= 5.005), ==" 003 
one 14967 .538 195 . 4 |+ .o1r4 |+ .o10 |+ .o1r2 
oh Easton 14968 .667 197 S 4 |+ .009 |-+ .005 |+ .007 
(oY cere 14980.554 218 S 9 — .007 |— .oII |— .009 
TOMAg oe 14984.521 225 S 8 — .008 |— .o12 |— .o10 
i ea 14993 .602 241 . 6 |+ .004 .000 |-+ .002 
TQ ees 15018.533 285 - 8 |— .006 |— .o10 |— .008 
TReae cr. 15150.621 518 - 2 |+ .ort |+ .007 |+ .009 
TAC I5I71.592 555 - 4 |+ .009 |+ .005 |+ .007 
Domnyeets 15175.550 562 % 2 .000 |— .004 |— .002 
TOMS 15184.616 578 ss 3 — .004 |— .008 |— .006 
ie Bs are 15290.625 765 ¢ 7 + .008 |+ .004 |+ .005 
TSE 15315.561 809 be 7 I+ .004 |+ .oor |+ .002 
TO ices cys 15387 .538 936 is 3. |— .007 |— .o10 |— .009 
ze Fateh 15663. 591 1423 : 5 .000 |— .OoI .000 
Lepore: 15743.517 1564 + .00 .002 .00 
Pee, aie 16418. 608 2755 | Wendell II B =_ ae t FOL2 t ety 
QBs: 16443.528 2709 < 8 — .021 |— .008 |— .008 
DYN Sue 16450.571 2822 = 5 — .01§5 |— .oor |— .oor 
2S Ae or a 16477.543 2859 s 6 — .0o16 |— .oor |— .oor 
2 Omer. 16991. 641 3706 $ 8 |— .033 .000 |— .OOI 
OU ees 17000, 711 3782 & 9 — .032 I+ .oor .000 
2 Oia atorens 17703 .002 5021 | Von Zeipel 9 |— .043 |— .oor |— .003 
206 ec, 17844 .704 5271 Wendell IT be) — .049 |— .006 |— .008 
Ge Sloe 18122.474 5761 Haynes I — .026 |-- .o18 |-+ .o16 
Bie 18919. 303 7167 | Hertzsprung| 2 — .070 |— .032 |— .035 
CIO Seen 19570.165 8315 Fontana 9 ~ .018 |-+ .004 .000 
Se iohoha on 19635.9406 8431 Townley 7 + .o10 |+ .029 |+ .025 
BAe! 19659. 735 8473 Ys 6 — .008 |+ .o1ro |+ .006 
Bile hoe 19692 .600 8531 Kiess 2 i) OLOn | = O03 —=1 0071 
30 sector: 19693.743 | 8533 : 3 009 |+ .007 |+ .003 
aaa 19697 .694 8540 e 6 .026 |— .o10 |— .o14 
Borer 19701 .668 8547 € 6 — .020 |— .004 |— .008 
3 Oitetete 20077.515 9210 | Shapley Io + .o19 |+ .024 |+ .o19 
AO ere: 20093 . 341 9238 | Martin 2 |— .027 |— .022 |— .027 
A Teer ae 20390. 388 9762 “ 6 |+ .002 |+ .002 |— .003 
42 | 20453. 296 9873 " 4  |—0.009 |—0.009 |—0.014 
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The residuals in the sixth column, O—C,, show the representa- 
tion of the observations by the linear formula: 


Med. Mag.=J.D. 2414856 .992+-04566830E. (2) 


The agreement is fair at the beginning and end of the series, 
but for an intervening interval of ten years all residuals are nega- 
tive, and the probability of a long-period change is at once apparent. 
Plotting O—C, against the epochs, it is found by graphical methods 
that the following harmonic expression represents these residuals 
with considerable accuracy: 


—olo20—04024 sin (020340 E—10425). (3) 


The period of this variation is 10600 E, or about 16.5 years, 
and the amplitude is more than an hour. The necessity of the 
correction is exhibited in Fig. 2; the available data are somewhat 
fragmentary, however, and it cannot be claimed that the formula 
will satisfy fully the future deviations from a uniform period. The 
recent rough estimates of magnitude, listed in Table I, were made 
a year later than any observations involved in the derivation of the 
revised light-elements, and they appear to be in very good agree- 
ment with prediction. The phases in that table are computed by 
means of formula (5) below. 

The residuals in the seventh column of Table V, O—C,, result 
from correcting those of the preceding column by means of (3). 
The new residuals were then discussed by least squares to determine 
corrections to the initial epoch, T, and the mean period, P. Forty- 
two equations of condition were involved in the solution, and the 
corrections in days are as follows:" 


(4) 


Applying these corrections, reducing from the median magni- 
tude to maximum light, and adding the correction (3), the helio- 
centric light-elements that represent all the observations to date 
are: 


AT =—0.0020+0.0011 
AP=-+0.0000074+0.0000218 


Max.=J.D. 2414856.451-+07566831 E 
—oto24 sin (0°0340 E—104°5). 


(5) 


The large probable error of the period is accounted for in Section V. 
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The representation by this formula is shown by the residuals 
in the last column of Table V and by the deviations from the sine 
curve in Fig. 2. They will be discussed further in Section V. 


IV. CHANGES IN THE FORM OF THE LIGHT-CURVE 


That a wide variation exists in the form of the light-curve at 
different maxima has been shown directly for a few cluster-type 
variables,! and the oscillations in the time of the median magnitude 
all but prove the same thing for others of this class.” 

Fig. 3 contains diagrams of maxima of RR Lyrae which show 
that for it also the curve changes its shape very conspicuously and 
rapidly. The two upper curves are taken from Wendell’s earliest 
observations. The maxima are only seven periods apart, but the 
interval of time when the star was brighter than 7“o is in one case 
r55™, and in the other nearly 4o per cent less. The lower pair of 
curves in Fig. 3 are from the Lick Observatory measures by Kiess. 
The interval when the brightness exceeded 7"3 is about twice as 
great at the first maximum as at the second, which follows by seven 
periods. Moreover, the brightness at maximum differs by oMr5.3 
If the photographic observations by Martin chanced to refer to 
maxima of the “‘faint”’ kind, the apparent equality of photographic 
and visual ranges may have no real significance.4 

It is obvious from the diagrams that the determination of the 
time of median magnitude involves directly the shape of the curve. 
It suggests that oscillations in that time indicate variations in 
shape rather than actual oscillations in the epoch of maximum light. 
Apparently the recovery from a delayed outburst is more rapid than 
from an early one; that is, the factors that cause the late rise to 

™ XX Cygni, loc. cit.; SW Draconis and SU Draconis, Astronomische Nachrichten, 
184, 241, IgIO. ‘ 

*ST Ophiuchi, SW Andromedae, RR Lyrae, Mt. Wilson Contr., No. 92, p. 5; 
Astrophysical Journal, 40, 452, 1914. 

3 If we should attribute the difference in maximum magnitude to a variation in 
the comparison star, the curves would still be conspicuously dissimilar. 

4Similarly, perhaps, we should not accept finally the hump on the photographic 
curve three hours after maximum, for there remains the strong possibility that some 
of the measures near that phase refer to narrow maxima and others to the wider 
variety. 
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maximum light generally allow an early decline, and vice versa. 
These peaked and round-topped curves are shown more completely 
in the figures accompanying the earlier paper relative to XX Cygni. 


V. OSCILLATIONS IN THE TIME OF THE RISE TO MAXIMUM LIGHT 


From the least-squares solution for the light-elements the 
probable error of a unit-weight determination of the time of median 
magnitude is +of0167=+24 minutes. For the average deter- 
mination listed in Table V, therefore, the probable error is more 
than ten minutes, and for none is it less than seven minutes. Such 
large uncertainties in the observations, however, are clearly impos- 
sible. In many of Wendell’s measures of the rise to maximum light 
the error in determining the time of median magnitude cannot well 
exceed two minutes, and from an inspection of all the plotted curves 
on which Table V is based the probable error of unit weight would 
be estimated at less than +8 minutes. The curves given in Fig. 4 
illustrate this point fully. All the plotted measures are from Wen- 
dell except the last, which is taken from the writer’s observations. 
The short heavy vertical line near each series indicates the time 
of the median magnitude for that maximum, computed from the 
adopted light-elements (5). 

There can be no doubt that a real irregularity is present. An 
attempt was made to find a uniform period for the variation that 
would satisfy all the observations. This failed in part, perhaps 
because of insufficient data, but it seems that for the whole series 
the oscillation is roughly periodic with a varying amplitude. For 
the first 14 months of Wendell’s measures, however, the variation 
is definitely periodic. Throughout that interval the following 
simple formula represents the residuals, O—C;, with considerable 
accuracy: 


(O—C;)—04004—04013 cos a (E—45) =o. (6) 
70 


Table VI contains the data relative to this correction. The 
residuals from (6) are given in the fifth column, and the last column 
contains the difference between the weighted squared residuals 
before and after correcting. The existence of the periodic variation 
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is completely established. The sum of the squares of the residuals 
is decreased from 0.007762 to 0.001034, which gives, in this inter- 


TABLE VI 


THE APPLICATION OF FoRMULA (6) 


No. Epoch Weight O-C; Oo-G, (pov)s—(prv)« 
Tn eee es 100 2 +o4014 +01007 +0.000294 
Disvrenatiet dPelavel sie. sis 114 7 + .o12 — .005 + .000833 
Balers ela Welaronnees I2I 6 + .020 + .005 + .002250 
Aaa rtctc nin seiske 135 2 — .002 — .003 — .000010 
GS vistevsve watever ats 144 9 — .007 .000 + .000441 
Onis apse ee 160 3 — .003 + .oo1 + .000024 
OR aoe 195 4 + .o12 .000 + .000576 
Srrasiee aco sie Ne 197 4 + .007 — .003 + .ooo160 
(Sa CRP TR 218 9 — .009 000 + .000729 
LO rareterderne tose 225 8 — .o10 — .002 + .000768 
1 Os eaten yecrin air 241 6 + .002 — .006 — .00o01g2 
Boleros cers 285 8 — .008 000 + .000512 
TS Hols chateeieeeess 518 2 + .009 + .004 + .000130 
oY Be eC Arc 555 4 + .007 + .006 + .000052 
DG ire yeeiste sche 562 2 — .002 + .003 — ,.O00010 
EO xs veins ees 578 3 — .006 .000 + .oo0108 

7 +0.005 +0.004 +0.000063 


Ea occ) Aone | 765 


val, for the new probable error of an observation of weight unity 
+g minutes. The variation is shown diagrammatically in Fig. 5. 


Epochs 
° 35 7° 
Days 
+0.02 
+o.01 
©.00 \ 
—0.01 


Fic. 5.—Short-period variation in time of median magnitude. 


Eleven oscillations are involved; the period is 70 epochs or 40 days, 
and the amplitude is 37 minutes. 
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If we make the reasonable assumption that the errors of all the 
observations could be reduced proportionately as much as these 
earlier ones by analogous corrections for short-period irregularities 
in the median magnitude, then the probable errors from the least- 
squares solutions for T and P, given by (4), would be reduced from 
+ofoorr and +o0%000022 to +o%o0004 and 04000008, respectively. 


VI. SUMMARY 


The present paper discusses in some detail the peculiarities of 
the light-variations of the Cepheid variable RR Lyrae, and con- 
siders the variations of its spectrum as observed at Mount Wilson. 
The star is the brightest of the sub-group with periods of a half-day. 
It is shown in Section II to be a variable in spectrum as well as in 
light and velocity. The computations of the third section demon- 
strate upon the basis of the work of nine observers throughout an 
interval of fifteen years that the mean period is affected by a slow 
variation which may complete its cycle in 16.5 years. The fourth 
section contains diagrams to show that the maxima of the light- 
curve are not constant in form, and in the fifth the closely analogous 
phenomenon of variations in the time of the rise to maximum light 
is proved to exist. 


Mount WILSON SOLAR OBSERVATORY 
December 1915 
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MONOCHROMATIC PHOTOGRAPHY OF JUPITER AND 
SATURN 


By R. W. WOOD 


In the Astrophysical Journal, 36, 75, 1912, I gave an account 
of the results obtained by photographing themoon through ray-filters 
transmitting limited regions of the spectrum. Marked differences 
in the distribution of light and shade were observed in the different 
pictures, the most conspicuous being an extensive dark deposit 
around the crater Aristarchus, which appeared in the picture made 
by means of ultra-violet light but was quite absent in the one made 
by the yellow rays. Laboratory experiments on the appearance of 
various rocks and minerals, when photographed through these same 
ray-filters, made it appear probable that the dark spot was due 
to sulphur or some sulphur-bearing rock. 

It seemed quite likely that results of even greater interest would 
be obtained if the method of monochromatic photography were 
applied in the case of planets, but instrumental facilities were not at 
my disposal at the time. 

These earlier experiments were made with a 16-inch nickeled 
glass mirror of 26 feet focus, mounted on the equatorial of the 
Princeton Observatory, which unfortunately was not adapted to the 
very accurate guiding necessary in work of this nature. As it 
appeared probable that increased definition and magnification would 
bring out regions of smaller area showing selective reflection, and as 
there was every reason to suppose that the planets would show 
peculiarities worthy of study, I determined to repeat and improve 
upon the earlier experiments. In this work I have been aided by a 
grant of $200 from the Gould Fund of the National Academy. The 
preliminary experiments were made at East Hampton during the 
past summer. . 

The Naval Observatory placed at my disposal a very good 
Gaertner coelostat, which was used in conjunction with a horizontal 
reflecting telescope of 56 feet focal length and 16 inches aperture, 
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figured by Mellish and nickeled by the electrolysis of a dilute 
solution of nickel fluoborate, as described in the Astrophysical 
Journal for November 1015 (42, 365). The nickel deposit was 
necessary, since silver reflects only about 4 per cent of the light 
in the ultra-violet region of the spectrum utilized in the work. 

A new mirror cell was made for the coelostat, large enough to 
carry a 16-inch flat, which was also nickeled, and the instrument 
mounted on a very solid pier of brick and cement, sheltered by a 
small house with a hinged roof. A double-slide carrier for the 
plate-holder and ray-filters, with two slow motions and two 
eyepieces for following, was made of sheet brass and mounted on a 
heavy pedestal of iron. 

The photographs made with this apparatus, while distinctly 
better than those made with the 26-foot mirror, failed to show the 
very fine details which were desired. This was due partly to bad 
seeing and partly to the difficulty of following a rather rapid periodic 
oscillation or drift of the image originating in some small error or 
errors in the gear wheels which could not be located or remedied. 

On this account it appeared best to study the behavior of the 
various ray-filters, and the spectrum range of the light after reflec- 
tion from two or more surfaces of silver or nickel and transmission 
through the filters, rather than to waste time in trying to secure a 
more accurate drive of the coelostat. These experiments showed 
that it would be feasible to complete the work with a large reflecting 
telescope with silvered mirrors, using as an ultra-violet screen a 
cell filled with dense bromine vapor. Such a cell transmits the 
entire ultra-violet region below \ 3500, while silver reflects the 
region \ 3300-3500 sufficiently well to make photography possible 
in this region with silver-on-glass mirrors. 

Photographs were made of the moon and Jupiter with infra-red, 
yellow, violet, and ultra-violet light, and the times of exposure, with 
the screen, were determined for both silvered and nickeled mirrors. 
As a result of this preliminary work, I was able to get satisfactory 
results at once with the 60-inch reflector of the Mount Wilson 
Observatory, which was placed at my disposal for four nights in 
the latter part of October. 

With this instrument a very complete set of photographs was 
made of the moon, Jupiter, and Saturn, by light of the four regions 
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of the spectrum referred to above. Results of very great interest 
were obtained in the case of the two planets, for dark belts were 
shown by violet and ultra-violet light, of which no trace appeared 
visually or on the plates made by yellow light, while the infra-red 
pictures showed scarcely any trace of the belts ordinarily seen. 
By applying the methods of three-color printing to these plates 
we can produce a colored positive, in which the belts of selectively 
absorbing gases appear strongly colored; in other words, we pro- 
duce an effect somewhat similar to what we should see if our eyes 
were sensitive to a wider spectral range. 

In the earlier experiments, made several years ago, I used for 
the ultra-violet ray-filter a rather thick deposit of metallic silver 
on a thin plate of quartz or uviol glass. Silver films are, however, 
extremely opaque to the selectively transmitted region, which lies 
between \ 3000 and \ 3200, so much so that an exposure of two or 
three minutes is required for the full moon. With bromine vapor 
I found, however, that a fully exposed plate could be obtained in 
eight or ten seconds, and that if we use in addition a thin cell filled 
with a very dilute solution of potassium chromate we obtain a 
transmitted region practically the same as with a silver film, but of 
about tenfold intensity. The silver film was accordingly abandoned 
in the present work and the bromine cell used exclusively in its place. 

The cell was made by cutting a section from a square glass 
bottle and grinding the edges flat. A small hole was then drilled 
through the wall for the introduction of the bromine. The uviol 
plates (1 mm in thickness) were cemented with beeswax, which was 
found by Ribaud, in the course of his investigations on the absorp- 
tion spectrum of bromine, to withstand the action of the vapor 
fairly well. A piece of asbestos paper, impregnated with a satu- 
rated solution of calcium chloride and strongly heated to drive off 
all of the water, was placed in the cell before the plates were 
cemented in position. This was necessary owing to the dampness 
at East Hampton, for, even when the bromine was thoroughly 
dried, moisture deposited on the inner surface of the uviol plates 
when the cell cooled off at night. After several hours there 
appeared also a deposit which resembled a light dew but which 
did not dry off when the plates were removed. It appeared to be 
of a greasy nature, and I attributed it to some volatile compound 
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formed by the action of the bromine on the wax. I subsequently 
found it on clean glass plates which had been standing on my 
desk for several days, and was quite at a loss for an explanation 
until Dr. Mees, of the Eastman research laboratory, called my 
attention to the fact that beeswax sublimes quite rapidly, a cir- 
cumstance which I had not suspected, as it is one of the constitu- 
ents of a supposedly reliable vacuum cement. The trouble was 
minimized by applying the wax to the outside of the cell only, 
after the glass plates were placed against the ends. The wax 
was rolled into thin cylinders between the fingers and melted 
against the seam with a hot glass rod 2 mm in diameter. Cells 
prepared in this way showed no trace of the deposit for fifteen or 
twenty hours, and, as they were cleaned every evening and freshly 
filled, no further trouble was experienced from this source. Four or 
five drops of liquid bromine were introduced with a capillary pipette, 
and after vaporization was complete and most of the air expelled, 
which required a minute or two, the hole was closed with a plug 
of wax, touched with a hot glass rod. 

The cell was 5 cm in thickness and was clamped in position in 
front of the plate-holder by means of two brass set screws. Ex- 
posure with the quartz spectrograph showed that such a cell was 
transparent from ) 3500 to the end of the solar spectrum (A= 2900), 
while it cut off completely all of the less refrangible rays capable of 
affecting an ordinary photographic plate. 

If a more restricted region of the spectrum is required, we may 
add a thin cell, say a millimeter or two thick, containing a very 
dilute solution of chromate of potash; the yellow color should be 
barely perceptible by daylight. The correct dilution can be 
determined by trial only, the quickest way being to use sunlight 
filtered through the bromine cell, a quartz spectrograph, and a 
plate of uranium glass. If the solution is‘not extremely dilute, it 
removes all of the ultra-violet. If just right, it removes the region 
A 3250-3500, the combination transmitting the same region as a 
thick silver film, but with a much greater intensity (about tenfold). 
If the chromate-of-potash cell is used, it is necessary to give three 
or four times the exposure required with the bromine cell alone. 

The infra-red screen transmitted the region above ) 7000, the 
yellow screen everything above \ sooo, and the violet the region 
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between » 4000 and \ 4500. These screens were prepared from 
stained films of gelatine made by the Eastman company and 
mounted in balsam between thin sheets of plate glass. They were 
of such a size that they could be substituted for the thick bromine 
cell, and were held in place by the same set screws. 

The work at Mount Wilson was commenced on October 22. 
The double-slide carrier with its attachments for the bromine 
cell was adapted to the 60-inch telescope, so that the work could be 
taken up without the construction of any new apparatus. The 
early hours of the evening were spent in making plates of the moon, 
which was full at the time, through the four ray-filters, while the 
rest of the night was given over to the planets. 

The telescope was used at the 80-foot focus, and, as the mirrors 
were silvered, the region of the spectrum utilized for the ultra-violet 
photography was slightly less refrangible than in the earlier work 
with the silver film. Preliminary experiments had been made at East 
Hampton with a quartz spectrograph on the spectrum of sunlight 
after three reflections from silver and transmission through the bro- 
mine cell (the conditions which obtained with the 60-inch telescope). 

The most interesting results were obtained in the case of Saturn. 
The picture taken through the infra-red screen showed the ball of the 
planet practically devoid of surface markings, there being only the 
merest trace of the belts ordinarily seen. Through the yellow 
screen the planet presented its usual visual appearance, the narrow 
belts showing distinctly. On the plates made with the violet ray- 
filter (transmission \ 4000-\ 4500) a very broad dark belt sur- 
rounded the planet’s equator, occupying the region of the planet 
which was brightest in yellow light. In addition to this dark 
equatorial belt, a dark polar cap of considerable size appeared in 
the pictures. So different were the two pictures that, were it not 
for the ring, it would have been difficult to believe that they rep- 
resented the same object. In ultra-violet light the appearance 
was much the same, but the dark belt was not quite as wide, the 
bright region between the polar cap and the belt being distinctly 
broader. Photographs made with the four monochromatic filters 
are reproduced in Plate V. 

Two nypotheses suggest themselves in explanation of the dark 
belt. We may be dealing with a fine mist or dust which forms an 
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extension of the crape ring down to the ball of the planet. This 
hypothesis appears to be favored by the circumstance that, on the 
negatives made by the violet and ultra-violet light, the sky between 
the ball of the planet and the ring is distinctly denser than the 
region just outside. This would indicate that the region inside 
of the ring is filled with some material which reflects the short 
wave-lengths toa slight degree. No trace of this darkening appears 
on any of the plates made with the yellow screen, even on one that 
was many times overexposed, which appears to show that the 
phenomenon is real. This peculiarity was, however, not detected 
until the work was finished, and I should prefer to verify it or have 
it verified before recording it as an established fact. The lumi- 
nosity is much too feeble to show in the prints. 

Measurements of the density of the plates between the ring and 
the ball of the planet and the sky just outside of the ring have been 
made for me by Mr. Harold D. Babcock, of the Mount Wilson staff, 
with the Hartmann photometer. His results showed greater 
density between the ring and ball on both plates (yellow and ultra- 
violet, but the density was greater in the latter). His values for 
the densities are as follows: 

Yellow Negative Ultra-Violet Negative 
Sky outside of ring 1.1 Sky outside of ring 1.05 
Sky between ring and ball 1.17 Sky between ring and ball 1. 27 


One’s first thought is that slight darkening of the region between 
the ring and ball may be the result of halation. It appears to me, 
however, that if this were the case we should expect the effect to be 
more marked with yellow light, which penetrates the film and the 
glass plate and is reflected back, while the ultra-violet light does 
not even get through the photographic film, as is shown by the 
circumstance that the image does not appear on the reverse side 
of the film with prolonged development, as is the case with ordinary 
light. 

I do not, however, believe that the dark belt is in reality due 
to the absorption of a dust ring, for measurements made by Mr. 
Ellerman showed that the belt extended higher up on the ball of 
the planet than the line of intersection of the plane of the rings. 
Moreover, it seems highly probable that the belt and the dark polar 
cap are to be explained in the same way. 
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The second hypothesis assumes the existence in the planet’s 
atmosphere of some substance capable of absorbing violet and 
ultra-violet light. This material might be a fine mist or dust, or 
some gas capable of absorbihg the more refrangible part of the 
spectrum. Such a gas would be of a pale yellow color, and sulphur 
vapor and chlorine naturally occur to us. I have, however, 
examined the absorption spectrum of both of these gases in quartz 
bulbs, with the result that the absorption appears to be much 
stronger in the ultra-violet than in the violet, which is in disagree- 
ment with the circumstance that the band appears wider in violet 
than in ultra-violet light. 

Two spectrograms of the planet have been made by Adams with 
the 60-inch reflector. In one the slit of the instrument was parallel 
to the major axis of the ring and cut through the dark belt shown on 
the violet and ultra-violet photographs. In the other the slit cut 
across the bright region above the belt. The spectra embraced the 
region between \ 5000 and 2d 4000, and we should expect that 
between \ 4000 and ) 4500 the spectrum of the area occupied by 
the dark belt would be much darker (lighter in the negative) than 
the other. No difference could be detected, however, between the 
two negatives, except at the very end (A 4000), where there was a 
very slight trace of the expected effect. 

Of course it would be preferable to place the slit parallel to the 
short axis of the ellipse and show the spectra of the two regions 
juxtaposed on the same plate, but the spectroscope available at the 
time did not permit of rotation. A quartz spectrograph is being 
planned for a more complete study of the question. The spectra 
were made in February 1916, and it is of course possible, though 
hardly probable, that the ultra-violet belt had in the meantime 
disappeared. 

Another point of interest is the decrease in contrast between the 
inner and outer ring as the wave-length is decreased. This suggests 
that the outer ring contains so much finely divided matter that it 
shines in part by diffusion. On the infra-red photograph the ball 
of the planet is much brighter in comparison to the brightest part 
of the ring than on the violet and ultra-violet pictures. This again 
suggests a mist or dust in the planet’s atmosphere which scatters 
the shorter wave-lengths. My infra-red photographs of landscapes 
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have clearly demonstrated that we can obtain clear photographs 
through a blue haze by means of the spectrum region above \ 7200. 
In these photographs it will be remembered that the blue sky comes 
out black and the grass and foliage show white. (See Physical 
Optics, 2d ed., p. 626.) 

Photographs of Jupiter made with the four ray-filters showed 
differences almost as marked as those found in the case of Saturn, 
though not so striking by casual inspection. The rotation of the 
planet is so rapid that it was found necessary to make the series 
of pictures as quickly as possible, if comparable results were to be 
obtained. Following was accomplished by bringing one of the 
outer satellites on the cross-hair of the eyepiece in the movable 
plate-holder. The exposure times were two seconds for the violet 
and yellow negatives, seven seconds for the ultra-violet, and ninety 
seconds for the infra-red. The dark belts are scarcely visible on 
the infra-red plates, while the pictures made with violet light show 
them in the greatest contrast. 

This circumstance made it appear probable that very marked 
color contrasts would appear if the planet were viewed through 
a screen which transmitted deep-red and violet light. The violet 
filter used in the work has this property, and through it the cloud 
belts appeared deep red on a violet background. Unfortunately 
the vivid color contrast obtained in this way is not of much help in 
the visual study of the planet, as the eye does not focus well for 
these two regions of the spectrum. 

The appearance of the disk in the light of the four spectral 
regions specified is shown on Plate VI. They were all made on the 
evening of October 24, 1915, between 7:30 and 9:30 Pacific time. 
‘The details are given in Table I. 

The direction of rotation of the planet is from right to left. 
On three of the plates slight blemishes have been noticed which 
have nothing to do with the surface markings: a light spot on the 
broad dark belt near the left hand edge, Fig. 8; a small dark spot 
near the lower edge, Fig. 11; and a small dark spot on the broad 
dark belt above the bright equatorial belt. 

The chief differences between the views of the planet made by 
light of different wave-lengths may be summarized as follows: 
The infra-red pictures show less darkening of the disk aswe approach 
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7 8 
Violet Ultra-violet 
9 10 
Infra-red Yellow 
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the limb, which is what would be expected on the theory that the 
darkening results from atmospheric absorption or scattering. The 
cloud belts, moreover, are very inconspicuous in these pictures. 
The two dark belts above the bright equatorial belt have a number 
of still darker spots on them which are most distinct in the yellow 
picture, less so in the violet, and almost invisible in the ultra-violet 
(Figs. 10, 11, 12). Above this dark belt a double bright belt 
appears in the violet and ultra-violet pictures, which cannot be seen 


TABLE I 
Fig. Ray-Filter Time Exposure Plate 

Big tetera Merced gies Infra-red 7:30 go sec. Spect, Panchrom. 

Git tceseth S3e sone Yellow 7223 2 Cramer Iso. Inst. 

Theda Violet 8:15 2 Process 

SOR creme oN eh lors Ultra-violet 7:50 7 Process 

OQnetme ctor: Se Infra-red 9:20 go Spect. Panchrom. 
EOD eieNe cheers see ts Yellow 9:23 2 Cramer Iso. 
EDC OM oti othe ccar: Violet 9:25 2 Process 
1 is, a Ee Ultra-violet 9:30 7 Process 


in the infra-red and yellow pictures, or, to speak more accurately, 
the dark belt between them is visible only in the violet and ultra- 
violet. The upper dark polar cap shades off gradually in the 
yellow and infra-red views, but is sharply terminated in the violet 
and ultra-violet, its lower edge marking the upper boundary of 
the double bright belt. These are the chief peculiarities. Observers 
who have made a long study of the surface markings of Jupiter will 
doubtless find other points of interest, and I shall be glad to lend the 
original plates to anyone who wishes to study them in greater detail. 


TRICHROMATIC PHOTOGRAPHS OF THE PLANETS 


By applying the methods of trichromatic color-photography 
to the negatives made through the ray-filters, very beautiful and 
striking transparencies have been made, which represent, in strong 
color contrasts, the differences which can be seen by comparison 
of the monochromatic photographs. As is well known, if three 
negatives are made of an object through red, green, and blue ray- 
filters, and the positives made from them on bichromatized gelatine 
are stained with blue, magenta, and yellow dyes, these positives 
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when superposed in register yield a fairly faithful reproduction of 
the object in its natural colors. 

If we apply this same method to pictures made by yellow, 
violet, and ultra-violet light, we shall obtain a colored picture of 
the object as it would appear if the region of the eye’s sensitiveness 
were shifted slightly toward the ultra-violet, or, to put the matter 
in astrophysical language, as the object would appear if it were 
receding from us with a velocity sufficient to cause ultra-violet to 
appear violet! Color-photographs of Saturn made in this way 
show the ball of the planet yellowish in color with a broad orange- 
red band (the violet and ultra-violet dark belt) surrounding the 
equator and a dark-red polar cap. The narrow belts, which can 
be seen visually and which appear on the negative made with 
yellow light, come out blue in the picture, the lower one being 
in coincidence with the upper edge of the dark belt. Owing to the 
fact that the dark belt is wider on the violet negative than on the 
ultra-violet one, the upper edge lacks yellow in the finished picture, 
and the superposed narrow blue belt appears purple in consequence 
(magenta-+ blue). 

Color-contrasts also appear in the ring, as a result of the cir- 
cumstance that the outer or fainter ring is relatively more luminous 
in ultra-violet light. The inner ring appears white and the outer 
bluish green. Similar colored belts are shown in the pictures made 
of Jupiter. The photographs as a whole give us a vivid impression 
that we are really dealing with great belts of selectively absorbing, 
and hence colored, vapors or gases. They show us, moreover, that 
the absence of strong color-contrasts in the surface markings of the 
planets results merely from the limited range of the spectrum to 
which the eye is sensitive. 

In view of the interesting results obtained with these two planets, 
it is my hope that similar observations will be made on Mars on 
the occasion of its next near approach to the earth. I made one 
photograph of the planet with ultra-violet light in October with 
the 60-inch reflector, but the disk was too small to show much of 
interest. Mr. Hoge was of very great assistance in helping me with 
the manipulation of the telescope. 

Jouns Hopkins UNIVERSITY 

February 1916 
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THE PRODUCTION IN’ THE ELECTRIC FURNACE OF 
THE BANDED SPECTRA ASCRIBED TO TITANIUM 
OXIDE, MAGNESIUM HYDRIDE, AND CALCIUM 
HYDRIDE 

By ARTHUR S. KING 

The purpose of this investigation was to produce the banded 
spectra of titanium oxide, magnesium hydride, and calcium hydride 
in the tube-resistance furnace, to compare the conditions required 
for their appearance with those observed in the arc and spark, and to 
note any phenomena resulting from the special control of conditions 
possible with the furnace. 

All of these banded spectra have been identified in the spectra of 
sunspots, and the bands attributed to titanium oxide also occur 
in the spectra of third-type, or Antarian, stars, which fact has led 
Fowler to designate them as the ‘‘Antarian bands.” The presence 
of such banded spectra is taken as evidence of a relatively low 
temperature, while the appearance of the titanium oxide bands 
furnishes direct evidence of the presence of oxygen in third-type 
stars and in the sun. 


THE TITANIUM OXIDE BANDS 


An extended investigation by Fowler’ furnished concordant 
evidence that the Antarian bands in the arc and spark result 
from the presence of titanium oxide. The flutings occur in a series 
of groups, all degraded toward the red, throughout most of the 
visible spectrum. Fowler gives the following wave-lengths for the 
first head in each group: 


4353.68 5597-92 
4462.34 5760.15 
4584.62 5954.66 
4761.08 6158.86 
4954.78 6357-9 
5167.00 6651.5 
5448.48 7054.5 


1Proceedings of the Royal Society, A, 79, 509, 1907. 
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It was noted by the writer, during an examination of the line spec- 
trum of titanium in the furnace at different temperatures, that these 
bands did not appear with the furnace im vacuo. Experiments 
were recently undertaken to see whether the use of oxygen would 
bring them out. The photographs were made with a 15-foot 
concave grating spectrograph, this being set for the first observa- 
tions to cover the region from \ 5500 to d 7200 in the first order, 
with a dispersion of 1mm=3.7A. The: furnace was usually 
operated at about 2300° C., which gives a strong titanium spectrum 
without excessive vaporization of carbon. 

Admitting air to one-half atmospheric pressure gave no bands. 
They again failed to appear when the furnace was full of air, the 
outlet valve being left open. It seemed probable that a strong 
current of oxygen was needed, since, there being no circulation 
through the horizontal tube, the incandescent carbon probably 
used up the small supply of oxygen before the titanium was fully 
vaporized. ‘The windows in the ends of the furnace chamber 
were therefore removed, a silica tube inserted in one end of the 
furnace tube, and a strong blast of air forced through by means of 
a bellows. The whole series of bands then came out with great 
brilliancy. Temperatures of 2300° and 2600° C. were used with 
no perceptible difference except in exposure time. A noteworthy 
effect was the almost complete suppression of the line spectrum of 
titanium when a strong current of air was used, though the lines 
of several impurities appeared as usual. Evidently a sufficient 
supply of oxygen resulted in turning all of the titanium vapor into 
the oxide, which seems to give only the band spectrum. 

Pure oxygen in the furnace was next used, this being led directly 
into the tube from a tank of compressed gas. The spectrum could 
be changed at will from a mixture of lines and bands to a pure 
band spectrum by increasing the current: of oxygen. When the 
bands were at their strongest, the image on the slit was a greenish 
yellow, similar to the envelope of a long carbon arc containing 
titanium, which is one of the best of the usual sources for obtaining 
the band spectrum. 


* Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 
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There was no evidence of a material change in temperature 
caused by the introduction of oxygen. The same exposure time 
with and without oxygen gave the same general intensity of 
spectrum, this being composed of bands in the one case and 
lines in the other. Pyrometer measurements of the interior of the 
tube were practically the same in the two cases. Allowing for 
differences in clearness of the vapor, the change of temperature 
could scarcely have been greater than 50°. 

Comparing this source with the usual flames employed in produ- 
cing spectra, we have here the metallic vapor heated by the graphite 
tube instead of by a union of flame gases, and then the process of 
oxidation taking place. The results are probably essentially the 
same as in a flame of the same temperature, but the furnace with 
oxygen gives a method of obtaining a series of flame temperatures 
for which different combinations of gases are usually required. 
There is also the possibility, by the use of very high furnace tempera- 
tures combined with a stream of oxygen, of exceeding any of the 
flame temperatures regularly attainable. 

It may be noted that a distinct difference in gradation of 
intensity with the wave-length appeared for the titanium band 
spectrum in the furnace as compared with the arc, the bands at 
the red end being relatively stronger in the furnace. 

A supplementary set of photographs was made for the region as 
far as } 4200 with the furnace in vacuum, in air at atmospheric 
pressure, and with varying amounts of oxygen. The results ob- 
tained for the yellow and red region were repeated. By the use of 
a strong current of oxygen, so that a flame extended several centi- 
meters from the end of the furnace tube, a strong band spectrum 
appeared, while the titanium line spectrum was eliminated except 
for the faint appearance of a few of the lines strongest in the 
regular furnace. It was noteworthy, however, that the more promi- 
nent lines of iron and chromium, as well as \ 4227 of calcium and 
d 4607 of strontium, appeared as strongly as could be expected 
from the slight impurities present. The evidence thus seems fairly 
conclusive that the bands of titanium oxide have been correctly 
ascribed to an actual compound, since otherwise, without a large 


197 


4 ARTHUR S. KING 


reduction of temperature, there would seem to be no reason for 
the disappearance of the line spectrum. 

Reproductions are given in Plate VII of the titanium spectrum 
from \ 4427 to \ 5065 in which the four strips represent respectively 
the arc in air; the furnace with a moderate stream of oxygen, both 
lines and bands appearing; the furnace with a strong stream of 
oxygen, the spectrum consisting almost wholly of bands; and the 
furnace in air without extra supply of oxygen, in which case the 
bands are absent. The wave-lengths are those given by Fowler 
for the principal heads. 


THE BANDS OF MAGNESIUM IN HYDROGEN 


Ina paper giving detailed measurements of the fluted spectrum 
obtained when magnesium is burned in an atmosphere of hydrogen, 
Fowler? summarizes previous investigations as to the dependence of 
the spectrum on hydrogen and as to the probability of its corre- 
sponding to a chemical compound. The bands consist of three 
main groups, beginning at AA 4844.9, 5211.1, 5621.6 and shading 
toward the violet. They appear best with the arc or spark in an 
atmosphere of hydrogen, but may often be seen when only a small 
residue of hydrogen is present. The furnace results are in close 
agreement with those for the arc, which is a fact of some signifi- 
cance, since the arc discharge is greatly modified by a hydrogen 
atmosphere, and this might account for the appearance of another 
spectrum. 

The strongest of the bands, with its head at \ 5211, was situated 
most favorably for observation in the furnace photographs, having 
a portion of its length undisturbed by the carbon spectrum. The 
first experiments were made by simply admitting hydrogen to the 
furnace chamber. Photographs at 1g00°, 2200°, and 2500° C. were 
made for each of three pressure conditions, viz., with a pressure 
below 1 cm of mercury, the residual gas being air, with hydrogen 
at a pressure of 10 cm, and with hydrogen at atmospheric pressure. 
The results were somewhat variable, the main effect being that a 
high temperature was unfavorable for the bands, which, if they 
appeared at 2500°, were usually in absorption. The band at 

* Philosophical Transactions of the Royal Society. A, 209, 447, 1909. 
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A 5211 occasionally appeared distinctly with the furnace pumped 
out. The experiments with the tube-arc have shown, however, 
that considerable hydrogen is occluded by the graphite tube and 
probably by the metallic magnesium, since hydrogen lines appear 
strongly in the tube-arc under these conditions. 

It appeared possible that the effect of hydrogen had not been 
fairly tested, since a certain degree of combination with the carbon 
would occur, probably with the formation of acetylene. Arrange- 
ments were therefore made for leading a stream of hydrogen directly 
into the furnace tube by means of a silica tube passing through a 
rubber stopper in one end of the furnace chamber. The hydrogen 
was generated chemically from zinc and sulphuric acid and dried 
by concentrated sulphuric acid and sodium hydroxide. Passing the 
gas through the tube in this way, the pressure being held at 10- 
20 cm, proved very effectual in producing the bands. They were 
obtained in emission at 2500°, but much better at 2200°, when the 
band at \ 5211 was stronger than the carbon head at 5165. The 
line spectrum of magnesium appeared with the bands, though the 
b group and A 4571 are the only lines given strongly by the furnace 
in this region. 

The experiments seemed to indicate a clear dependence of the 
bands on the presence of hydrogen, without any apparent change 
in the action of the source. 


THE BANDS OF CALCIUM IN HYDROGEN 


The calcium arc burning in hydrogen was observed by Olmsted’ 
to show a banded spectrum in the red with well-marked heads at 
AA 6382.2 and 6389.3 and a fainter group in the B region, in both 
cases shaded toward the violet. The furnace was supplied with a 
stream of hydrogen through the tube, as in the experiments with 
magnesium, and the calcium bands were found to be very similar in 
behavior to those of magnesium. They frequently appear, as 
was noted by the writer,? with the furnace pumped out, apparently - 
from occluded hydrogen. A current of hydrogen through the tube 
brings them out strongly at temperatures from 1900° to 2200°. 

= Mt. Wilson Contr., No. 21; Astrophysical Journal, 27, 66, 1908. 

2 Mt. Wilson Contr., No. 35; Astrophysical Journal, 29, 190, 1909. 
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Higher temperatures are not so favorable, though the bands have 
been obtained at 2500°. 

The component lines of the band to the red of \ 6700 can be 
measured to advantage when furnace photographs are made with 
higher dispersion. ‘The denser portion shows distinct maxima at 
approximately \ 6902 and X 6919, while a more scattered structure 
extends farther to the red. The calcium line spectrum appeared 
regularly with the bands. 


SUMMARY 


1. The bands ascribed to titanium oxide show a clear depend- 
ence on the presence of oxygen in the furnace, the spectrum con- 
sisting of bands alone when a sufficient amount of oxygen is supplied. 

2. The bands attributed to magnesium hydride and to calcium 
hydride require in each case the presence of hydrogen in the furnace 
to give the bands strongly, although they frequently appear with 
moderate strength when only a small quantity of hydrogen is 
present. 

3. While the bands appear through a considerable range of 
furnace temperatures, about 2300° C. seems to be the upper limit 
for their greatest strength. 


Mr. Wirson SOLAR OBSERVATORY 
April 5, 1916 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


FIRST PAPER: THE GENERAL PROBLEM OF CLUSTERS 


By HARLOW SHAPLEY 


An extensive investigation of the magnitudes and colors of 
individual stars in globular and open clusters has been undertaken 
at the Mount Wilson Observatory. The discussion of the results 
will be published in the form of a series of papers, each article 
dealing with a definite problem, or with the observations on a single 
cluster. In the present communication, which is intended to 
serve as a brief introduction, our knowledge of cluster systems will 
be reviewed, the value and general bearing of the cluster investi- 
gation in stellar astronomy will be considered, and an outline given 
of the methods and progress of the work at Mount Wilson. A 
bibliography of the more important papers dealing with the differ- 
ent phases of the past study of clusters appears in the footnotes 
and in the list of catalogues on pp. g and ro. 


I. THE CLASSIFICATION, DISTRIBUTION, AND NUMBER OF 
CLUSTERS 


A stellar cluster is generally defined as any stellar group, the 
members of which are known to be physically connected, or which 
from their apparent positions may be assumed to form a distinct 
physical system. This broad category includes the Hercules 
cluster as well as the Ursa Major group (or even a system of groups 
such as our whole galactic domain). 


The first and second papers of this series had been written when Bailey’s 
valuable article on globular clusters was received (Harvard Annals, 76, No. 4, 1915). 
His paper includes a catalogue of globular clusters with individual descriptions, a 
discussion of the distribution of the brighter stars in ten systems, and an excellent 
bibliography, which is all but complete up to the beginning of the year 1914. 
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Various classifications have been proposed, but, because of the 
great variety of types and the gradual transition from one type to 
the next, none is much more than a working convenience. Clus- 
ters have been classed as loose, irregular, ragged, coarse, open, 
furrowed, globular, condensed, nebulous, etc., with many quali- 
fying adjectives for each group, but practically all designations 
are based on superficial appearances. 

It is proposed to adopt in the present series of papers the 
following working classification: (1) globular clusters; (2) open 
clusters; (3) moving clusters. 

Although they are not mutually exclusive, there are some very 
good reasons which will be brought out in the later discussion for 
holding rather strictly to these three classes. The first class has 
for its type the Hercules cluster (M 13) or Messier 3, and for its 
distinguishing marks great condensation toward the center and 
numberless stars. The second contains clusters similar to Messier 
11 or Messier 67 or even Praesepe, thus exhibiting a wide range in 
condensation and in number of stars. The third division includes 
the Taurus group, the Pleiades—in fact, any cluster of stars show- 
ing communal motion. Strictly speaking, all known members 
of the third class belong also in the second, and, further, all 
clusters are doubtless moving; but it seems best to distinguish 
between clusters of measured common motion and those in 
which such motion is as yet merely assumed. Also, roughly 
speaking, we may suppose a globular form for many of the 
open or moving clusters, as has already been done for the stars in 
Taurus. 

The adopted classification has on its surface, therefore, the 
same lack of definite limits as other proposals; but in distribution 
we can discriminate sharply between open and globular clusters, 
and in probable distance we can temporarily, at least, differen-. 
tiate moving groups from other open clusters. The apparent 
distribution in space is so striking that, taken in connection 
with other characteristics just coming to light, we are led to 
believe that there is a fundamental difference between the two 
main classes—the condensed globular objects and the open 
clusters. 
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Among others, Bailey,’ Bohlin? Hinks,’ Perrine,t and more 
recently Melotte’ have discussed the distribution of clusters with 
respect to the galaxy. The most conspicuous result is that the 
open clusters are almost exclusively in the Milky Way and sym- 
metrically arranged with respect to it, while the globular clusters 
are widely distributed in galactic latitude and quite limited in 
galactic longitude. The globular clusters are mostly in one 
hemisphere, the pole of which, according to Melotte, is at galactic 
latitude —9°, galactic longitude 296°. It should be noted, more- 
over, that no other class of celestial objects shows so marked a 
dissymmetrical arrangement with respect to the galactic plane.® 

Bailey’s “Catalogue of Bright Clusters and Nebulae’”” includes 
66 globular clusters, and to this number Hinks® adds 41 from 
Dreyer’s catalogues.? Several of these additions. are doubtful 
because of the possibility of mistaking spiral nebulae for faint 
globular clusters, and also of confusing open and globular clusters 
when the scale is small. Bohlin® considered about 75 objects 


« “A Catalogue of Bright Clusters and Nebulae,”’ Harvard Annals, 60, 199, 1908. 

“On the Galactic System, with Regard to Its Structure, Origin, and Relations 
in Space,” Kungl. Svenska Vetenskapsakademiens Handlingar, 43, No. 10, 1909. 

3 Monthly Notices, 71, 697, 1911. Hinks gives a bibliography of earlier studies 
of distribution, (ibid., p. 588). 

4 Lick Observatory Bulletins, 5, 102, 1909. 

5 Journal of the British Astronomical Association, 25, 341, 1915. Melotte’s cata- 
logue of star clusters is to appear in the Memoirs of the Royal Astronomical Society, 
60, Part V. 

6 The concentration, noted by Hertzsprung and others, of the helium stars and 
stars of the fifth spectral type in the southern part of the galaxy is of a different order 
from that observed for the globular clusters. Moreover, these two types of stars 
are strongly condensed in the Milky Way for all longitudes (Astronomische Nach- 
richten, 192, 265, 1912). The preliminary work by Hinks (loc. cit., and Monthly 
_ Notices, 71, 588, 1911) shows a possible asymmetry in the distribution of spiral nebulae 
and of the ‘somewhat extended” gaseous nebulae. The data are admittedly far 
from complete, but the later investigation by Hardcastle (Monthly Notices, 74, 699, 
1914), using the Franklin-Adams plates, confirms in general the earlier results. 


7 Harvard Annals, 60, No. VIII, 1908. 
8 Op. cit., p. 701. 
9 Memoirs of the Royal Astronomical Society, 49, Part I, 1888; 51, 185, 1895; 59, 
105, IIo. 
0 Op. cit., Plate I. 
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truly globular, while Miss Clerke states that approximately 500 
clusters of all kinds are known,! of which possibly 120 have globular 
form.2 This total obviously must include many chance aggre- 
gations of stars and a large number of very slight condensations in 
the Milky Way. 

There is, however, in all the data upon which these estimates 
rest a certain lack of homogeneity, and accordingly the very recent 
counts by Melotte‘ on the Franklin-Adams chart plates are of greater 
value than the earlier work. All clusters with diameters greater 
than 1’ and effective photographic magnitudes brighter than 16 
or 17 are included, with the result that 83 globular and 162 open 
clusters are listed. This enumeration can be improved only 
through the study of fainter objects or through the individual 
examination on a larger scale of some of the doubtful clusters.5 
Then, however, considerable modification may be expected. For 
instance, the cluster Messier 11, classed by Bailey as globular,® 
is distinctly open and is limited in the number of its stars; while 
Messier 14, chosen by Melotte as the type for the open cluster of 
regular outline, appears definitely globular on Mount Wilson 
plates. 

Since the time of the Herschels very few globular clusters have 
been discovered, notwithstanding the considerable increase in 
telescopic power and the great increase in the known number of 
stars and nebulae. This leads Bailey to suggest that the limit of 
the region of globular clusters has been reached.? Closer exami- 
nation of small faint nebulae and of nebulous stars, however, may 


t System of the Stars, p. 227, London, 1905. 
2 Problems in Astrophysics, p. 428, London, 1903. 


3 Bailey puts the total number of clusters at nearly seven hundred (Publications 
of the Astronomical and Astrophysical Society of America, 1, 269, 1910). In his most 
recent paper the number of clusters definitely globular is placed at 76 (Harvard Annals, 
76, 43, 1915). 

4 Loc. cit. 

SA start in this direction has been made by Knox Shaw, Helwan Observatory 
Bulletins, No. 9, 1912; No. 15, 1915. See also Monthly Notices, 76, 105, 1915. 


6 Harvard Annals, 60, 214, 1908. ‘‘Perhaps a globular cluster. Somewhat 
irregular” (Harvard Annals, 76, 50, 1915). 


1 Publications of the American Astronomical Society, “Report of the Seventeenth 
Meeting,” p. 8, 1914. 
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add to the number. Pease finds, for example, that the supposed 
variable nebula N.G.C. 6760 is a faint cluster containing more than 
a thousand stars.? 


a 
Il, PREVIOUS OBSERVATIONAL AND THEORETICAL STUDIES 


A. Introduction.—Practically all the detailed observational 
work on individual clusters, with the exception of the investigations 
of cluster variables, relates to counts of the stars and to determi- 
nations of positions. No serious attempts have been made to 
determine accurate magnitudes,? chiefly because of the lack of 
dependable magnitude scales for the fainter stars. 

To a certain extent the theoretical work based on star-counts 
has been premature and meaningless; and, while the cataloguing 
of positions has been of high value, the attempt to obtain relative 
proper motions has proved largely in vain. There are, moreover, 
rather evident reasons why these two negative results should be 
the outcome: 

1. The counts and subsequent theoretical discussions of star- 
density have always dealt with the globular clusters. The dis- 
tribution in open clusters, where the chances of dealing with all 
the members of the system are better, has received only cursory 
attention, and then mostly from the standpoint of reading spiral 
forms or radial structure into arrangements which more safely and 
naturally can be interpreted as chance distributions. 

The over-interpretation of superficial arrangement has been a 
still greater burden to the globular clusters. In fact, the law of 
probabilities is generally ignored in such considerations, for as 
soon as the slightest departure from circular symmetry is noted 
among the thousand or two brighter stars of a globular cluster, 
definite and highly significant “lines of cleavage” and “lanes of 
nebulosity,”’ or “spiral paths” and ‘“‘channels of force’? are ob- 
served. The significance of chance groupings or chance vacancies 
decreases remarkably with increasing exposure time. The spiral 

x“ Annual Report of the Director of the Mount Wilson Solar Observatory,” 
Year Book of the Carnegie Institution of Washington, 13, 258, 1914. 


2 Exceptions to this statement include the studies by Schwarzschild and others 
on certain bright open groups (Praesepe, Pleiades, etc.), which were made mainly to 
investigate magnitude scales. 
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structure or asymmetrical arrangements may be present, but to 
conclude definitely that such is the case is impossible when we deal 
with a very small percentage of the total number of stars. 

In this use of the brighter objects as representative of the 
whole of the cluster lies the prematurity and weakness of much of 
the theoretical work on the laws of distribution; for it has rarely 
been noted that such work applies only to the relatively few stars 
whose absolute brightness may be more than one hundred times 
that of our sun. We could hope to obtain only very incomplete 
and unsatisfactory results if our studies of the galactic system were 
so limited. Prior to the work by Pease‘ on the distribution in 
clusters, using plates with exposures varying from one minute to 
several hours, few of the counts involved more than two or three 
thousand stars. If stellar density had been investigated from the 
standpoint of magnitudes and colors (spectra) as well as numbers, 
we could place more confidence in the results of the customary 
comparison of globular clusters with gases in equilibrium. A 
much more serious objection to the current methods of discussing 
star-densities will be revealed in the following study of colors in 
Messier 13. 

2. Admitting that there are many thousands of stars in a 
globular cluster, and assigning them any known type of spectrum 
and dimensions reasonably comparable with those of other known 
stellar bodies, we must conclude from the magnitudes and angular 
separations that the cluster systems are very distant. Proper 
motions determined within an interval of a few years would accord- 
ingly correspond to enormously great real velocities, and it is not 
surprising, therefore, that practically no relative motion has yet 
been found in globular clusters. The matter will be discussed 
numerically in a subsequent paper.? 

B. Variables, distribution, cluster catalogues—The more impor- 
tant investigations of clusters can be very briefly summarized. 


*“Annual Report of the Director of the Mount Wilson Solar Observatory,”’ 
Year Book of the Carnegie Institution of Washington, 12, 213, 1913; 13, 258, 1914. 


2 The second paper of this series, Section XIV. Moulton has also considered 
this matter numerically (Publications of the Astronomical and Astrophysical Society 
of America, 1, 329, 1909). 
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The most valuable contributions have been made by Bailey™ and 
von Zeipel.* The former has accumulated vast amounts of impor- 
tant information relative to cluster variables (practically all we 
know of these objects, in fact), as well as valuable data on classi- 
fication, distribution of stars in clusters, and of clusters in the sky. 
Von Zeipel, in the study of Messier 3, has published the largest of 
all cluster catalogues, and has made investigations of considerable 
importance on the distribution of the brighter stars in several 
clusters, and on the possible physical relationships of the indi- 
vidual stars. E. C. Pickering, H. C. Plummer, See, Eddington, 
and Stré6mgren and Drachmann have contributed to the theoretical 
interpretation of the arrangement of stars in clusters. Further 
reference to their results is reserved for a later paper, where ob- 
served distributions and their interpretation will be considered in 
connection with magnitudes and colors. 

Photographic catalogues of the positions of individual stars 
now exceed both in number and accuracy the lists based on visual 
observations. The most exhaustive determination of positions, 
however, is probably represented by the unpublished visual 
measures made by Barnard with the 4o-inch refractor of the 
Yerkes Observatory. In the seventeen years during which his 
micrometrical work has continued, the only definite and appreciable 
motion found is for two stars in Messier g2, and of course it is not 
certain that the moving objects are actual members of the cluster.4 

1 “Variable stars in the Cluster » Centauri,’ Harvard Annals, 38, 1-252, 1902; 
“A Catalogue of Bright Clusters and Nebulae,” zbid., 60, No. 8, 1908; “Variable 
Stars in the Cluster Messier 3,” zbid., 78, Part 1, 1-98, 1913; ‘‘Globular Clusters,” 
ibid., 76, No.4, 1915. For other articles by Bailey, refer to bibliography given in the 
last-mentioned paper. 

2 “Ta théorie des gas et les amas globulaires,” Comptes Rendus, 144, 361, 1907; 
“Catalogue de 1571 étoiles contenues dans l’amas globulaire Messier 3 (N.G.C. 5272),” 
Annales de VObservatoire de Paris, 25, 1-101, 1908; ‘‘Recherches sur la consti- 
tution des amas globulaires,” Kungl. Svenska Vetenskapsakademiens Handlingar, 51, 
No. 5, 1913. 

3A fairly complete bibliography of the papers dealing with this phase of the 
cluster problem is given by Strémgren and Drachmann, Publikationer og mindre 
Meddelelser fra Kobenhavns Observatorium, No. 16, 1914. See also Harvard Annals, 
76, No. 4, p. 77, 1915, and Monthly Notices, 76, 107, 1915. 

4 Astronomische Nachrichten, 176, 17, 1907; ibid., p. 21; ibid., 182, 305, 1909; 
Astrophysical Journal, 40, 173, 1914. 
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The more important catalogues (excluding the various lists of 
the Pleiades, of stars in Orion, and of similar configurations) are 
listed at the end of this section. The bright double cluster 4 and 
x Persei has been measured many times both visually and photo- 
graphically; bibliographies are given by Schur and Van Maanen;? 
more recent catalogues have been published by Messow’ and 
Helffrich.‘ 

C. Colors and spectra.—The investigation of the spectra and 
colors in clusters has not advanced very far. The spectra of the 
brighter stars in a number of the brighter, very open clusters were 
classified by Mrs. Fleming.s Several different types were found in 
each, some.showing a preference for blue stars, others for yellow 
and red. Of the spectra of individual stars in the fainter open 
clusters® and in globular clusters, nothing is known aside from the 
work of Pease and Adams,’ who have classified provisionally 40 
spectra in Messier 13. All spectral classes from A to K were 
recorded, with an average of type F, agreeing with the work of 
Fath® and of Slipher® on integrated spectra of various globular 
clusters. 

It has been frequently suggested that certain clusters are 
relatively yellow, others white. But the first definite observation 
of color was made qualitatively by Barnard,” who compared photo- 
graphic magnitudes with visual and photo-visual estimates for a 

t Astronomische Mitteilungen von der Kéniglichen Sternwarte zu Gottingen, No. 6, 
1900. 


2 Dissertation, Utrecht, 1911; Recherches Astronomiques de l’Observatoire d’ Utrecht, 
No. 5, 1911. 


3 Astronomische Abhandlungen der Hamburger Sternwarte in Bergedorf, 2, No. 2, 
1913. 

4 Veroffentlichungen der Grossherzoglichen Sternwarte 2u Heidelberg, 7, No. 2, 1913. 

5’ Harvard Annals, 26, 260, 1891. 


° Adams and Van Maanen have published spectra of some of the brighter stars 
in the double cluster in Perseus (Astronomical Journal, 27, 187, 1913). 


7“Annual Report of the Director of the Mount Wilson Solar Observatory,” 
Year Book of the Carnegie Institution of Washington, 12, 219, 1913; 13, 268, 1914. 


’ Mt. Wilson Contr., No. 67; Astrophysical Journal, 37, 198, 1913. Earlier papers 
by Fath are cited in this article. 


9 Bulletins of the Lowell Observatory, 2, 59, 1914. 
%° Astrophysical Journal, 12, 176, 1900; 29, 72, 1909; 40, 173, 1914. 
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number of stars in the Hercules cluster. Hertzsprung,' com- 
paring the relative intensity between the limits \ 3761 and 
A 4555 in photographic spectral images of Messier 3 as a whole, 
and of neighboring stars, eoncludes that the integrated color of the 
cluster corresponds closely to spectral type F. Recently Hertz- 
sprung’ has published effective wave-lengths for 184 stars in the 
very open cluster N.G.C. 1647, and for 57 of these stars Seares? 
has derived magnitudes and color-indices. 


II. 


I2. 


VISUAL CATALOGUES OF STARS IN CLUSTERS 


. Comas Sola. Messier 8, Astronomische Nachrichten, 148, 97,1898. 15 stars. 
. Hahn. & 762, Abhandlungen der mathematisch-physischen Klasse der 


Kéniglich-Sdéchsischen Gesellschaft der Wissenschaften, 17, 151, 1891. 60 
stars. 


. Helmert. Messier 11, Publicationen der Hamburger Sternwarte, No. 1, 


1874. 200 stars. 


. Kruse. N.G.C. 6633, Veréffentlichungen der Grossherzoglichen Sternwarte 


zu Heidelberg, 7, No. 3, 1913. 71 stars. 


. Lamont. Messier 11, Annalen der Kéniglichen Sternwarte bei Miinchen, 


17. 184 stars. 


. Nangle. « Crucis, Journal of the British Astronomical Association, 18, 


384, 1908; 19, 27, 141, 1908. 48 stars. 


. Peter. N.G.C. 2264, Abhandlungen der mathematisch-physischen Klasse 


der Kéniglich-Sichsischen Gesellschaft der Wissenschaften, 15, No. 1, 1889. 
44 stars. 


. Peter. N.G.C. 6738, zbid. 28 stars. 
. Russell. « Crucis, Monthly Notices, 33, 66, 1872. 130 Stars. 
. Schultz. N.G.C. 6885, Kungl. Svenska Vetenskapsakademiens Handlingar, 


21, NG. 3, 1073. 104 Stars. 

Schultz. Messier 92, Bihang till Kungl. Svenska Vetenskapsakademiens 
Handlingar, 12, Afd., No. 2, 1886. 

Valentiner. N.G.C. 6633, Astronomische Beobachtungen auf der Gross- 
herzoglichen Sternwarte 2u Mannheim, III. Abteilung. 71 stars. 


PHOTOGRAPHIC CATALOGUES OF STARS IN CLUSTERS 


. Bailey, w Centauri, Harvard Annals, 38, 1-251, 1902. Variable stars. 


This volume also contains the positions of variables and of reference stars 
for sixteen other globular clusters. 


. Bailey. Messier 3, Harvard Annals, 78, Part I, 1913. Variable stars. 
. Bellamy. Index No. 4996, Monthly Notices, 64, 662, 1904. 103 stars. 


t Astrophysical Journal, 41, 10, 1915. 
2 Mi. Wilson Contr., No. 100; Astrophysical Journal, 42, 92, 1915. 


3 Ibid., No. 1023; 42, 120, 1915. 
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. Bohlin. Messier 92, Astronomiska Iakttagelser och Undersékningar & 


Stockholms Observatorium, 8, No. 3, 1907; Astronomische Nachrichten, 
174, 203, 1907. 348 stars. 


. Donner and Backlund. N.G.C. 6885=20 Vulpeculae, Bulletin de l’ Acadé- 


mie Impériale des Sciences de St. Pétersbourg, Série 2,5, No. 2. 140 stars. 


6. Fagerholm. Messier 67, Dissertation, Upsala, 1906. 295 stars. 


Tae 
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. Fagerholm. Messier 103, Arkiv fér Matematik, Astronomi och Fystk, 


5, No. 14, 1909. 283 stars. 


. Fenet. Messier 11, Bulletin de la Société Astronomique de France, 9, 85, 


1895. Chart of 395 stars without catalogue. 


. Giebeler. Messier 37, Veréffentlichungen der Kéniglichen Sternwarte 


zu Bonn, No. 12, 1914. 1231 stars. 


. Gould. Photographic Observations of Star Clusters, 1897. 9144 stars in 


37 open clusters, chiefly in the Southern Hemisphere. 

Ludendorff. Messier 13, Publikationen des Astrophysikalischen Obser- 
vatoriums zu Potsdam, 15, No. 6, 1905. 1136 stars. 

Meyer. N.G.C. 6802, Dissertation, Breslau, 1902; Astronomische Nach- 
richten, 167, 321, 1905. 59 stars. 

Nijland. N.G.C. 6633, Dissertation, Utrecht, 1897. 28 stars (also visu- 
ally measured). 

Nordlund. Messier 37, Arkiv for Matematik, Astronomi och Fysik, 5, 
No. 17, 1909. 840 stars. 

Olsson. Messier 67. Astronomiska Iakttagelser och Undersékningar 
anstilda pa Stockholms Observatorium, 6, No. 4, 1898. 148 stars. 
Plummer, H. C. Messier 13, Monthly Notices, 65, 79, 1904. 70 Stars. 
Plummer, W. E. Messier 13, Monthly Notices, 65, 801, 1905. 54 stars. 
Pingsdorf. Messier 52, Dissertation, Bonn, 1909. 132 stars. 
Pummerer. N.G.C. 663, Publikationen der von Kuffner’schen Sternwarte, 
6, No. 7, 1913. 328 stars. ' 

Scheiner. Messier 13, Abhandlungen der Kéniglich-Preussischen Akademie 
der Wissenschaften zu Berlin, Anhang, 1892. 833 stars. 

Stratonoff. Messier 11. Publications de l’Observatoire Astronomique et 
Physique de Tachkent, No. 1, 1899. 861 stars. 

Wolf. N.G.C. 6633, Astronomische Nachrichten, 126, 297, 1890. 73 stars. 
Von Zeipel. Messier 3, Annales de l’Observatoire de Paris, 25, 1, 1908. 
1571 stars. 

Zurhellen. Messier 46, Veréffentlichungen der Kéniglichen Sternwarte zu 
Bonn, No. 11, 1909. 527 stars. 


II. CORRELATION BETWEEN DIAMETERS AND BRIGHTNESS IN 


CLUSTERS 
From Bailey’s “Catalogue of Bright Clusters and Nebulae,” 


which may be considered homogeneous over the field it covers, we 
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obtain the data in Table I relative to mean diameters of globular 
clusters (outside the Magellanic Clouds) and the magnitudes of 
the brightest stars in each. 


4a 


TABLE I 
Brightest Magnitude | Number of Clusters Mean Diameter 
Qn teers eee I 20' 
EON seraee safer eterete a aes ° ere 
LES mera Pater I 18 
hI Nia a a etc 4 9.4 
3 ee erie ons aaa 25 I0.0 
TA rate OR ea ra 5 4.4 
ba NeeN eS See Aas er 3 Be 
EO n irene tae I 3 


The tabulation is illustrated in Fig. 1, where the full line refers 
to the globular clusters. The broken line refers to the 37 open 
clusters (outside the Magellanic Clouds) designated by Bailey as 
“fairly condensed.” 

A. The striking result that magnitude increases with decreasing 
apparent diameter is to be expected if distance is correlated with 
apparent size. It suggests at once the possibility of deriving 
relative mean parallaxes for clusters from measures either of 
diameters or of magnitudes. 

Assuming real dimensions and absolute magnitudes approxi- 
mately equal for all globular clusters, a decrease of 1.5 apparent 
magnitudes would correspond to doubling the distance or halving 
the apparent diameter. But the observed change in diameter 
(Fig. 1) is less than would be expected on this basis. Assuming 
that our data will bear close interpretation, we might conclude that 
this discrepancy indicates: (1) that the more distant clusters are 
larger than the nearer ones; or, (2) that the stars of the more dis- 
tant clusters are absolutely fainter than those of the nearer ones; 
or, (3) that the light of the stars of the more distant clusters is 
diminished by space absorption; or, since Bailey’s magnitude 
estimates are photographic, (4) that the brighter stars of the more 
distant clusters are intrinsically redder than those of the nearer 
clusters; or, (5) some combination of the foregoing. The third or 
fifth interpretation of this excess of diameter relative to brightness 
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over what would be expected for equal absolute dimensions and 
magnitudes would probably be the most acceptable. 

B. If, on the other hand, the observed change in diameter is 
not connected with distance, we are left the rather improbable 
alternative interpretation that the smaller and more condensed 
globular clusters (which contain no fewer stars so far as present 
indications go than those apparently large) are formed of stars 
of relatively small intrinsic brightness.” 


6 8 10 12 14 16™ 


Fic. 1.—Diameters and magnitudes of clusters 


Abscissae: Magnitudes of brightest stars 
Ordinates: Apparent diameters of clusters 


C. For the reasons cited below we are not fully justified in 
this close interpretation, and for the present the preceding remarks 
must be held only as tentative explanations of a phenomenon not 
definitely proved to exist: 

1. Only a few more than half of the known globular clusters 
could be included in Table I, and most of those not included are 
outside the Magellanic Clouds. 


* But suppose that the dimensions of a cluster diminish with age. Then we 
need only make the assumption, at present allowable, that the individual stars also 
diminish in size and light with time, and we have, if the ages of clusters differ, the 
phenomenon as observed, and need not appeal to distance. Ina later paper a method 
will be discussed and applied by means of which this hypothesis can be tested. In 
this connection it is of obvious importance to consider theoretically and, as far as 
possible, observationally the historical development of a cluster with respect to its 
dimensions. 
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2. The number of clusters involved in the extreme ends of the 
curve is small. One-half the total number have diameters differing 
by less than 4’ from the mean of all. 

3. The magnitudes make no claim to accuracy, being merely 
estimates which may not maintain, uniformly over the whole sky, 
their value as relative magnitudes. 

If the fainter stars are estimated relatively too faint,’ the 
discrepancy noted above under A may be much diminished, or 
even vanish, in which case magnitude or diameter or both together 
can be effectively used to estimate mean relative distance. 

The relation here discussed is not apparent for the globular 
or open clusters in the Magellanic Clouds, but the available mate- 
rial is of small amount. There seems also to be in the clusters at 
large no marked correlation between estimated number of stars and 
apparent diameter, nor between number of stars and brightest or 
mean magnitude. It is hoped that further information concerning 
these relations can be derived in the course of time from the Mount 
Wilson photographs. 


IV. THE PURPOSE OF THE PRESENT STUDY OF CLUSTERS 


The object in taking up the investigation of the magnitudes 
and colors in stellar clusters is twofold. First, it is hoped that 
considerable advance can be made in our understanding of the 
internal arrangement and physical characteristics of these objects. 
Secondly, and probably of more importance, it is hoped that 
through the acquisition of a clearer appreciation of stellar clusters, 
particularly of globular systems, some contribution can be made 
to the knowledge of our own galactic system. For it is quite 
obvious that a globular cluster, whether considered as entirely 
extraneous to our galactic domain or not, is in itself a stellar system 
on a great scale—a stellar unit which without doubt must be com- 
parable to our own galactic system in many ways, though possibly 
differing from it fundamentally in others. 

A. In the study of clusters themselves the results which may 
be derived only from a knowledge of magnitudes and colors are 

«In a private letter Professor Bailey suggests that this may be the case, at least 


for Messier 3. 
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in part as follows: (1) laws of distribution or density for different 
magnitudes and colors; (2) relation connecting absolute magnitude 
and color, and its variation from cluster to cluster; (3) total 
number of stars in the faint globular clusters predicted from 
observed luminosity-curves; (4) dependence of stellar variability 
on color and magnitude; (5) change of color with light-variation, 
and the consequent opportunity of investigating on a large scale 
the causes underlying Cepheid variation. 

B. In the study of the galactic system the advantages of an 
investigation of cluster magnitudes and colors include the follow- 
ing: (1) elimination of the factor of distance-selection. (In the 
individual. globular cluster differences in distance are negligible. 
Hence, for the study of the frequency of spectral types and of 
absolute magnitudes in a stellar system, and for the study of rela- 
tionships between spectrum and luminosity, the most troublesome 
unknown, the relative distance of the stars under consideration, 
is eliminated. Relative apparent magnitudes are, with but little 
error, also relative absolute magnitudes); (2) the possibility of 
dealing with complete stellar systems—unfortunately not literally 
true for globular clusters, because of the great number and extreme 
faintness of the stars; (3) the availability of large numbers for 
statistical discussions; (4) the possible evaluation of absorption 
of light in space and of color-factors depending on absolute mag- 
nitude. 

C. In addition to those suggested above the following general 
astronomical problems are closely connected with the present study 
of clusters: (1) frequency of absolute magnitudes and spectra in 
stellar systems—luminosity-curves; (2) the order of stellar evo- 
lution; that is, the probable character of the progression of spectral 
type (color) with age; (3) the distances of clusters; (4) relation of 
the globular cluster to the open cluster and to the galaxy. 


V. REMARKS ON THE METHODS AND PROGRESS OF MAGNITUDE 
DETERMINATIONS 


The derivation of photographic and photo-visual magnitudes, 
and hence also of the colors of stars in clusters, has been made 


possible through two important factors. The first is the 60-inch 
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reflector of the Mount Wilson Observatory; the second and more 
nécessary one is the fundamental work by Seares in establishing 
photographic and photo-visual magnitude scales for the faint stars. 

The 60-inch reflector allows the speed necessary for successful 
intercomparison of the fields of faint stars, and at the same time 
the scale, even at the principal focus, permits the study of the stars 
at the very center of many of the globular clusters. The mag- 
nitudes determined with the reflector from focal images make no 
claim to high accuracy. And, indeed, for the present at least, 
high accuracy is not at all requisite. It is sufficient if we obtain 
color-indices with a probable error of a tenth of a magnitude. The 
crucial point is not the size of the accidental errors nor the pre- 
cision of the brightness for any given cluster star, but rather the 
unimportance of the systematic errors and the availability of 
dependable magnitude scales over the entire interval of brightness 
investigated. 

In the succeeding papers much weight must be put on the 
reliability of the Mount Wilson magnitude scales. Frequently 
relations between magnitude and other properties will be derived, 
which would be meaningless if serious systematic error existed in 
the comparison magnitudes or in the method of work. The prin- 
ciples underlying the determination of the magnitude standards, 
and the derivation and discussion of the results have been fully 
described by Seares in recent papers.t The methods of photo- 
graphic photometry with the 60-inch reflector have also been dis- 
cussed in detail, so that little need be added. A matter concerning 
the comparison of the Mount Wilson and Harvard magnitude 
standards may be taken up briefly, however, because of its impor- 
tance in interpreting some of the results of later papers. 

Beyond the twelfth magnitude no scale of standard visual or 
photo-visual magnitudes exists except the Mount Wilson sequence, 
which extends to magnitude 17.5. At the twelfth magnitude the 
Mount Wilson photo-visual and Harvard visual scales are in agree- 
ment. As the extension of the photo-visual scale to fainter mag- 
nitudes closely parallels the photographic both in method and in 

t Mt. Wilson Contr., Nos. 70, 80, 97, 98; Astrophysical Journal, 38, 241, 1913; 


39, 307, 1914; 41, 206, 259, I9I5. 
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accuracy, we are led to place much the same confidence in the two 
scales, even though we cannot check the photo-visual results with 
other determinations." 

For the photographic scale, however, comparison can be made 
directly with the Harvard Polar Sequence. The considerable out- 
standing differences in the final results have been discussed critically 


Fic. 2.—Comparison of Mount Wilson and Harvard photographic scales 


Abscissae: Mount Wilson photographic magnitudes 
Ordinates: Scale differences, Mount Wilson minus Harvard 


by Seares in a recent paper.? Fig. 2 illustrates the deviation of the 
two scales between the tenth and twentieth magnitudes. The 
abscissae are Mount Wilson photographic magnitudes. The full 
black line represents the difference Mount Wilson minus Harvard 
Polar Sequence (Harvard Annals, 71, Part III, 1914). The broken 
line indicates the difference between Mount Wilson and the Har- 

« Provisional photo-visual magnitudes for a few stars are given by Miss Leavitt 
in Harvard Annals, 71, 142, 1914. 

2 Mt. Wilson Contr., No. 98; Astrophysical Journal, 41, 259, 1915. 
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vard magnitudes as corrected by Seares for (1) residual color- 
errors depending upon the various instruments used; (2) reduction 
from the Harvard color-system to that of the reflector; (3) distance 
of stars from the center of the plate; (4) misapplication of a cor- 
rection depending on the order of exposure. 

It is evident that the adoption of Harvard photographic mag- 
nitudes, at least as far as magnitude 18, would give smaller values 
and hence smaller color-indices. It will be shown in the next 
paper, however, that diminishing all the observed color-indices by 
even a quarter of a magnitude would lead to an incredible result. 

The few details in which the determination of cluster magni- 
tudes differs from the ordinary methods will be mentioned in the 
discussion of the individual clusters. Because of the great number 
of images on some of the plates, special precautions must be taken 
against systematic errors of measurement. Practically all of the 
plates, except those made for the study of variables, have one 
exposure on the field of the cluster preceded and followed by one 
of the same duration on the field of the Pole. The plates are made 
as far as possible only under the best observing conditions, and at 
the time when the altitudes of the cluster and Pole are comparable. 
Exposures of different duration are made in order to vary the 

t King’s discussion of the Polar Standards (Harvard Annals, 76, No. 10) was 
received some months after the above discussion was written. The bearing of his 
results on the present problem is indicated in the following note contributed by 
Mr. Seares: ‘“‘The difference of 0.24 mag. between Mount Wilson and Harvard, the 


latter revised as indicated above by Mr. Shapley, has its origin in a divergence of 
scale for the brighter stars of the form 


Mt. W.—Harvard=+0.061 (M—6.0) 


which holds to M=10.0. The re-reduction of some of the Harvard results connects 
the divergence with the stars brighter than the eighth magnitude, i. e., the constant 
difference of 0.24 mag. originates between magnitudes 6 and 8 and applies to all 
portions of the scale between the eighth and twentieth magnitudes. 

“‘King has now redetermined the photographic scale for the brighter stars, using 
the 24-inch reflector and methods similar to those employed at Mount Wilson. The 
direct comparison of his magnitudes with the Mount Wilson scale (Harvard Annals, 
76, No. 10, p. 186) gives for the interval 2.7—9.3 

Mt. W.—King=—o0.004 (M—6.0) 


“The adoption of King’s results would therefore remove the outstanding unex- 
plained difference of a quarter of a magnitude between the Mount Wilson and Har- 
vard scales.” 
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measuring conditions near the center of the cluster. For extremely 
faint stars it is not advisable to make direct comparisons with the 
polar standards, but rather to extend the scales downward by 
means of diaphragm plates or by long and short exposures. . 

Thus far more than a hundred photographs, nearly all made at 
the 25-foot focus on 4X5 plates, have been secured. Many of 
these, however, are single exposures on clusters known to contain 
many variable stars. For photographic magnitudes Seed 27 
plates are used, and for photo-visual, Cramer Instantaneous Iso 
with a yellow filter placed in contact with the plate. The measure- 
ment and reduction proceed slowly, partly because of the large 
number of stars, but chiefly owing to the difficulty of identification 
and measurement in the very condensed clusters. 

The possibility of the following systematic errors is kept in 
mind, and efforts are made to avoid or minimize them by varying 
the methods of observing, measuring, and making the reductions: 
(1) uncertainty of atmospheric extinction—dependence on azimuth 
as well as altitude; (2) errors connected with tilt, depending on 
orientation of plate-carrier or tube extension; (3) variation of the 
correction for distance from the center of plate; (4) effects of non- 
symmetrical field arising from astigmatism of the mirror; (5) influ- 
ence of neighboring stars in measures of dense fields; (6) influence 
of hazy background of stars on measures near the center of globular 
clusters; (7) increase with magnitude of errors depending on 
fatigue; (8) miscellaneous prejudices. 


VI. HYPOTHETICAL SPECTRA 


Since the color of a star is intimately related to its spectrum, 
it is convenient for the discussions of color-indices to establish 
color-classes analogous to the spectral classes of the Draper cata- 
logue.‘ Corresponding to the spectra B, A, F, G, K, M, we may use 
the small letters 0, a, f, g, k, m, to designate classes of color, defining 
the latter so that, under certain average conditions, stars of spectral 
type B have the color 6, A corresponds to a, etc. We may 
also appropriately refer to color-classes as hypothetical spectra. 


* Seares, Proceedings of the National Academy of Sciences, 1, 481, 1915. 
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The relation between color-index and spectrum depends upon the 
instrumental equipment, and definitive determination for the 
60-inch reflector has not been made, but provisionally we may 
adopt 4 
Pg. Mag.—Pv. Mag.=Color-Index=o.4 Spectrum 


where the color-index is expressed in magnitudes and the spec- 
trum has the values —1, 0, +1, +2, etc., corresponding to 
Bo, Ao, Fo, Go, etc. 

The foregoing relation holds only for the mean of a large num- 
ber of stars; it represents, in fact, the average change of color with 
spectrum for those stars (mostly near and relatively bright) upon 
which it is based. For any individual star we must substitute 
hypothetical spectrum for spectrum, observing that these may differ 
through (1) scattering of light in space and (2) changes in spectral 
intensity dependent on absolute magnitude. 

The quantity derived from magnitudes is the hypothetical 
spectrum. This may be compared with the directly observed 
spectrum and the difference, defined as the color-excess, is a measure 
of the effect on the color of the luminosity and absorption factors. 

Table II defines the adopted limits of color-index for the 
corresponding color-class or hypothetical spectrum. 


TABLE II 
Color-Class or Color-Class or 
Color-Index Hypothetical Color-Index Hypothetical 
Spectrum Spectrum 
—oMyo to —oM37..... bo oMoo to +0M39..... ao—9 
—0.30 ~ —0:33... 2. br +-0.40 “ =+-0570..... fo-9 
=o 4 to —O.OI..... bo -+1.60 to +1.90..... mo—9Q 


VII. DIFFICULTIES AND LIMITATIONS IN THE STUDY OF CLUSTERS 


There are a number of more or less serious obstacles in the way 
of making the cluster investigation as ideally exhaustive and 
expeditious as could be wished. The most obvious limitations 
are as follows: 
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1. The extreme faintness of many of the globular clusters. 
With our present equipment of telescopic power and photographic 
plates it will not be practicable to carry the determination of star 
colors below photo-visual magnitude 17.5, and this limit can be 
reached only with serious difficulty. For the present, then, it will 
be impossible in the truly globular clusters to cover a range of more 
than five or six magnitudes. In the galactic system there are stars 
known to differ in absolute brightness by more than 15 magni- 
tudes. 

2. The probable presence, in photographs of the centers of 
condensed clusters, of the Eberhard effect,’ or similar photographic 
obstacles imperfectly understood and controlled with difficulty. 

3. The southern declination of most of the globular clusters, 
including the brightest arid largest, and also the similarly unfavor- 
able location of the Magellanic Clouds. 

4. The indefinite nature of the correction for background and 
foreground stars, particularly near the Milky Way. 

5. The uncertainty of atmospheric extinction, and of absorp- 
tion of light in space. The magnitudes in the cluster must be 
compared with those of the Pole or some other standard region. 
This involves possible troubles with atmospheric absorption, which, 
on Mount Wilson at least, may depend on azimuth as well as 
altitude. 

6. The absence of data relative to motions in clusters. 

7. The apparently distinct differences between the physical 
characteristics of the globular clusters and the galactic system. 


Summarizing briefly, we may remark that the preceding pages 
are preliminary to a general investigation of the magnitudes and 
colors of stars in clusters. Previous investigations have dealt 
chiefly with position catalogues, proper motions, variable stars, 
and considerations of star-density in individual clusters. By 
determining the magnitudes and colors it should be possible to 
add largely to our knowledge of the physical nature of such 
systems and to contribute toward the solution of various gen- 

t Physikalische Zeitschrift, 13, 288, 1912. 


220 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 21 


eral stellar problems. The subjects for study will include both 
globular clusters, of which there are perhaps eighty quite asym- 
metrically situated with respect to the galaxy, and open clusters, 
which are located almost entirely in the Milky Way. An interest- 
ing fact not previously emphasized is the relation of bright- 
ness to diameter of clusters, illustrated in Fig. 1. The globular 
clusters contain enormous numbers of stars—perhaps hundreds of 
thousands or millions—while the open clusters range from fairly 
condensed symmetrical groups to very open irregular aggregations 
which are apparently only slight galactic condensations. 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 
SECOND PAPER: THIRTEEN HUNDRED STARS IN THE 
HERCULES CLUSTER (MESSIER 13) 
By HARLOW SHAPLEY 
I. PRELIMINARY REMARKS ON THE HERCULES CLUSTER? 

The preceding paper? contains a brief general summary of 
previous investigations of stellar clusters and an outline of the 
object, methods, advantages, and limitations of the proposed deter- 
mination of magnitudes and colors at the Mount Wilson Observa- 
tory. The present communication treats of the results for the 
Hercules cluster. It is of necessity long and detailed, but in suc- 
ceeding papers the descriptions of data and methods can be much 
abbreviated and perhaps the observational material itself decreased. 
Sections II-VI deal chiefly with the observations, the last ten sec- 
tions with discussions of the data. This initial section contains a 
synopsis of the main results of previous work on the Hercules cluster. 

The best known of all the globular clusters was considered first 
for several reasons: (1) its position in the sky when observations 
were begun was favorable for comparison with the Pole; (2) two 
good catalogues of the positions of the brighter stars were available; 
(3) only two variable stars had been recorded among the thousand 
brightest objects,3 an obvious advantage in deriving colors from 
non-simultaneous determinations of photographic and photo-visual 
magnitudes; (4) spectra of about forty of the individual stars were 
known approximately from direct classification. 

No other globular cluster has been studied so frequently and 
extensively as Messier 13. It was one of the earliest placed on 

t Messier 13=G.C. 4230=N.G.C. 6205; @=16% 38" 1, 5=+36° 39’, 1900; galactic 
latitude = +-40°, galactic longitude = 26°. 

2 Mt. Wilson Contr., No. 115. 


3 Discovered by Bailey, Harvard Annals, 38, 2, 1902; Barnard independently 
discovered one of these variables, Astrophysical Journal, 12, 182, 1900. 
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record,’ being discovered accidentally by Edmund Halley 201 
years ago.? He observed that “‘it is but a little patch . . . . and 
similar to the lucid spots around Theta Orionis, in Andromeda, and 
in the Centaur . . . . most of them but of few minutes in diameter; 
yet since they are among the fixed stars . . . . they cannot fail 
to occupy spaces immensely great, and perhaps not less than our 
whole solar system.’”’ Messier saw the Hercules cluster as a 
brilliant circular nebula, but the elder Herschel resolved it par- 
tially in 1783,3 and later completely with the 20-foot telescope. 
An account of the earlier studies by Messier, D’Arrest, and others 
is given by Scheiner in his monograph “‘Der Grosse Sternhaufen 
im Herkules Messier 13.’’4 

Originally in the drawings and verbal descriptions, and later in 
the early photographs, much attention was paid to the dissymmetri- 
cal arrangement of the brighter stars in the cluster and to the possible 
existence of visible nebulosity. Contributions to these subjects 
have been made by Secchi,’ the Earl of Rosse,® Trouvelot? working 
at Harvard with Winlock, and Harrington® assisted at Ann Arbor 
by a professional artist. Holden? reported 13 different intersec- 
tions of distinct lanes, Schaeberle” interpreted the arrangement as 


t Messier 22 was discovered by Ihle in 1665; w Centauri was noted as a lucid 
spot in the sky by Halley in 1677, though it was previously known to Bayer as a hazy 
star, and even to Ptolemy as the star in the Cloud on the Horse’s Back; in 1681 
Kirch discovered Messier 11 (not globular, but rich and considerably condensed) and 
Messier 5 in 1702. All of these earlier discoveries consisted in noting that the objects 
were nebulous spots rather than single stars. The resolution into clusters awaited 
in most cases the telescopes of the Herschels. 


2 Philosophical Transactions (abridged), 4, 226, 1700-1720. 
3 Ibid. for 1818, p. 439 (no volume number). 


4 Abhandlungen zu der Koénigl. Preuss. Akademie der Wissenschaften zu Berlin, 
Anhang, 1892. 


5 Memorie dell’ Osservatorio del Collegio Romano, 1852-1855. 


° Philosophical Transactions for 1861, p. 732 (no volume number). The drawing, 
ibid., Plate 28, was the beginning of the controversy as to the existence, nature, and 
significance of dark lanes. 


7 Harvard Annals, 8, Part II, Plate 25, 1876. 

8 Astronomical Journal, 7, 156, 1887. 

9 Publications of the Astronomical Society of the Pacific, 3, 375, 1891. 
1 Astronomical Journal, 23, 226, 1903. 
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forming a spiral with one arm clockwise, the other counter-clockwise, 
while Scheinert and Barnard? have voiced conservative views rela- 
tive to the structure and nebulosity, respectively. Palmer, 
Miss Clerke,‘ Perrine,’ and Ludendorff* have also discussed differ- 
ent phases of these matters. The conclusion from all the former 
studies, which is strengthened by the results from plates made at 
Mount Wilson, is that no nebulous material can be detected in the 
Hercules cluster (at least unless it is fainter than the twentieth 
magnitude), and that the so-called “channels” among the brighter 
stars, while apparent in some form to the eye and on photographic 
plates of the proper exposure and contrast, do not appear among 
the fainter magnitudes and are probably to be considered of no 
particular importance in the structure of the cluster. 

A few of the earlier observers made rough counts of the stars in 
Messier 13, and Trouvelot’ plotted without great accuracy the 
position of 171 stars. But the first attempt to record the positions 
of the individual stars with sufficient accuracy to give future 
observers a trustworthy basis for the study of proper motions was 
made by Scheiner in 1891-1892. His catalogue, cited above, 
contains 833 stars—all that were measurable on two plates with 
exposures of 2 hours and 1 hour, made with the 32.5 cm refractor 
of the Potsdam Observatory. A second catalogue of somewhat 
higher accuracy was made by Ludendorff,’ and contains 1136 stars. 
It is based on two plates taken with the same instrument at Potsdam 
in 1900 and 1902, but with exposures of 2.5 and 2 hours, respec- 
tively. Comparison of the positions derived by Scheiner and 
Ludendorff show no definite proper motion during the interval 
of ten years. The star numbers and positions given in Ludendorff’s 
catalogue are used in the present work. 

= Op. cit., p. 31. 

2 Monthly Notices, 57, 14, 1897; see also papers cited in Section II of the First 
Paper. 

3 Astrophysical Journal, 10, 246, 1899. 

4 Problems in Astrophysics, chaps. xxvii-xxx, inclusive, London, 1903. 

5 Astrophysical Journal, 20, 354, 1904. 6 Loc. cit. postea. 7 Loc. cit. 

8 “Der Grosse Sternhaufen im Herkules Messier 13,’ Publikationen des Astro- 
physikalischen Observatoriums zu Potsdam, 15, Part 6, pp. 1-56, 1905. See also, 
Astronomische Nachrichten 178, 369, 1908. 
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The positions of 70 selected stars in the cluster have been 
measured on a plate made at Oxford and published by H. C. 
Plummer.’ On a plate from the Yerkes Observatory, W. E. 
Plummer? has measured more than two thousand stars, but of this 
list only the 54 have been published which appear also in the lists 
by Scheiner and H. C. Plummer. No proper motions were found 
from this work (see Section II of the First Paper? and Section XIV 
below). 

In none of the foregoing investigations has serious consideration 
been paid to the determination of magnitudes. 

E. C. Pickering’ determined the distribution of stars in Messier 
13, and some valuable theoretical considerations of his results are 
contributed by H. C. Plummer.’ A much more exhaustive con- 
sideration of the star-density is made by von Zeipel,® who used 
copies of plates made at the Yerkes Observatory and also, for the 
outer portions of the cluster, photographs made with the Upsala 
refractor. About 2500 stars were discussed, but only roughly from 
the standpoint of brightness. Of the many important results and 
conclusions derived by von Zeipel for this and other globular clusters 
only the following need be mentioned at this point: 

1. From the ratio of the number of bright stars to faint stars in 
different regions it is necessary to conclude that the physical state 
near the center differs from that in the exterior regions. 

2. So far as these brighter stars are concerned, the density in 
Messier 13 shows that the cluster is comparable to a spherical nebula 
(gaseous sphere) in convective equilibrium conforming to certain 
adiabatic laws. 

3. It is entirely possible that the globular clusters have attained 
their adiabatic equilibrium solely by virtue of the mutual attraction 
of the constituent stars. 

4. Each cluster is a gigantic system containing approximately a 
million stars. 


t Monthly Notices, 65, 79, 1904. 
2 Tbid., 65, 801, 1905. 4 Harvard Annals, 26, 215, 1897. 
3 Mt. Wilson Contr., No. 115. 5 Monthly Notices, 71, 460, 1911. 


6 “Recherches sur la constitution des amas globulaires,” Kungl. Svenska Vetenskaps- 
akademiens Handlingar, 51, No. 5, pp. I-51, 1913. 
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This last conclusion is admittedly quite speculative. It is 
based upon purely theoretical assumptions that now appear to 
be inadmissible; but it will be shown from other considera- 
tions, which have a good wobservational basis, that the conclu- 
sion itself may not be far wrong. Later it will be shown why 
No. 1 above is a sound result, other evidence being presented 
to show that conditions may exist in the center of the cluster 
which are not evident in the outer regions. This same evidence 
will suggest that near the center, at least, von Zeipel and others 
are dealing with a distribution which is not real, and that the 
theoretical results, including Nos. 2 and 3 above, must be modified 
accordingly. 

The only papers dealing with magnitudes or colors, aside from 
the incidental treatments in the position catalogues, are those 
by Palmer,’ Perrine,? and Barnard. Barnard’s work on Messier 13 
is discussed in some detail in Sections VII and XII. Palmer 
divides the stars visible on one of Keeler’s Lick Observatory plates 
into two groups with respect to magnitude, counting 1016 bright and 
4466 faint stars, with very few of intermediate brightness. It is 
suggested that the law of distribution is different for the two groups. 
Perrine goes farther and finds this separation into two classes of 
magnitudes a marked characteristic in 30 of the 35 globular clusters 
examined by him (including Messier 13), and states further: ‘‘ Per- 
haps a third of the whole number [of stars in each cluster] lies 
between the eleventh and thirteenth photographic magnitudes, 
while almost all of the remainder are very faint, being about the 
sixteenth magnitude.’”’ There can be little doubt that this last 
statement is quantitatively very much in error. The idea of the 
division of cluster magnitudes into two distinct groups has always 
been prominent, especially in visual work, but there is room for a 
strong suspicion that in most cases it is only a subjective phe- 
nomenon, and that in the others it is not so conspicuous as com- 
monly supposed. Some of the Mount Wilson observations are 
being made on clusters in which this condition is said to be the 
most marked. 

t Loc. cit. 

2 Loc. cit. and Lick Observatory Bulletins, 5, 102, 1909. 
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The integrated spectrum of Messier 13 has been observed by 
Fath at the Lick Observatory? and at Mount Wilson? The work 
by Pease on the spectra of individual stars in the cluster will be 
discussed in a later section of this paper. 


Il. THE OBSERVATIONAL DATA 


The magnitudes contained in the catalogue (Section V) are 
derived from the complete measurement of two pairs of plates, made 
on different nights and each consisting of one isochromatic and one 
ordinary photographic plate. In order to avoid, in the derivation 
of color-indices, errors depending on the presence of undetected 
light-varidtions in some of the stars, the plates of a pair are always 
taken in succession so that only uncommonly rapid light-changes can 
affect the results. It is believed that errors arising from this 
source are negligibly infrequent and small. 

In addition to the four standard magnitude plates, the results 
in the catalogue are indirectly based on the partial measurement 
of two other pairs of plates, as described below in Section IV. 
Also two additional plates containing each a long and a short 
exposure have been used to determine the magnitudes of some of 
the fainter stars (Section XI), and two preliminary plates have been 
of service in deriving magnitudes of newly discovered variables 
(Section XII). The data relative to all of these plates are given 
in Table I. The observations were made at the principal focus 
of the 60-inch reflector, with the assistance of Mr. Hoge in the 
manipulation of the telescope and in the accurate timing of the 
exposures. The plates were made with full aperture, and, with 
the exception of those on Plates 2072 and 2073, all exposures on 
one plate are identical in duration. 


t Lick Observatory Bulletins, 5, 74, 1908. “ 
2 Mt. Wilson Contr., No. 49; Astrophysical Journal, 33, 61, 1911. 


3 In order to facilitate polar comparisons where two kinds of plates are being used 
a second plate-holder especially adapted for the photo-visual work was made in the 
Pasadena shop. It was so constructed that the focus need not be changed, as was 
formerly necessary, to allow for the color-filter. A pair of polar comparisons is now 
made with but one change from Pole to cluster, the two cluster exposures being made 
in immediate succession. 
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TABLE I 


List oF PLATES 


. Length |No. Ex- 
Plate Kind Date G.M.T. | 6f Ex- | posures | Seeing Quality Use 
posure | on Pole 
IQI4 
1820...| S27 | Aug. 23 | r9hr2™| 2m ° 6 | Good For variables 
ESSE wedes 27 23 | 19 16] 2 I 6 | Drift For variables 
1g00...} Iso. | Sept. 18 | 17 24 5 2 4 | Good Standard mags. 
TOOLS...) 9.27 re ne Ae Co 2 5 | Good Standard mags. 
TO20 22 SO. TO! |) 56". 53.4) 20 2 5 Good Standard mags. 
EO2T a. ees 19 | 17 46{/ 4 2 5 Good Standard mags. 
is CL cag Paehey fl| LO loamy meesyal ae Lgcy- kale ere ° 4 Good Faint stars 
2O7 sere SO: TO) PES) 304 |S, 03 ° 4 | Medium | Faint stars 
IQIS5 
2319...| Iso. | Mar.15 | 20 46 | 5 2 2 Medium | Check on mags. 
25 20n eae y I5 | 20 50 I 2 I Poor Check on mags. 
222 ee ESOL LSM ete SSeS 2 3 | Good Check on mags. 
2e2OR eS 2% TSO EQTeAS 2 2 3 | Medium | Check on mags. 


Il. MEASUREMENT OF PLATES AND DERIVATION OF MAGNITUDES 


A. The plates were measured chiefly by the method described 
by Seares in Mt. Wilson Contr., No. 80, Section 6.5 The movable 
scale, placed in the common focal plane of the objective and eye- 
piece of the measuring microscope, contains a graded series of 
23 stellar images corresponding ordinarily to a range of about 
seven magnitudes. As estimates of the size and density of stellar 
images are made to the tenth part of the interval separating two 
scale-images with an uncertainty of but two- or three-tenths, the 
probable uncertainty of a single measurement does not exceed a 
tenth of a magnitude and may be much less. This, however, in- 
cludes neither the errors arising from uncertainties in the distance 
correction, nor, of more importance still, those affecting one plate 
compared with another, which may depend on any or many of the 
more or less obscure photographic effects that frequently disturb 
determinations of magnitude. In fact, the possible plate errors are 
such that it is inadvisable to attempt an extensive reduction of the 
accidental errors of measurement through the multiplication of 
settings. 

In addition to the direct measurement of the images in a stellar 
cluster with the graded scale, the writer has found it of great 


t Astrophysical Journal, 39, 325, 1914. 
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advantage to carry on simultaneously a series of estimates—an 
independent visual determination of the relative brightness of 
adjoining images by the Argelander method, using as steps tenths of 
intervals between scale-images. To illustrate: In the field of the 
measuring microscope at any time are the images of a great many 
cluster stars, a number of which are of comparable size and density. 
Several of these are measured in succession with the scale, and, at 
the same time, without referring to the scale, the comparable 
images are mentally arranged in order of ‘‘brightness.”’ Perhaps 
the order, or the number of steps between two stars, may not be the 
same by estimate and by direct measurement; the mean of the 
two resultsis then adopted. This double method can be carried 
over the whole cluster without much trouble; so that often nearly 
all of the star-images whose scale readings are, for instance, between 
16 and 17 have been directly compared with each other. It seems, 
moreover, that the estimates are often more dependable than the 
direct measurement, especially when the strong central condensa- 
tion prohibits the comfortable manipulation of the scale-images 
relative to the stars to be measured. 

The secret of the success of such estimates is practice, and 
more particularly a convenient number of reference stars differing 
but little in magnitude. After some experience the comparison 
of neighboring images is carried on subconsciously, and but little 
greater time is consumed than in making simple direct measure- 
ments with the scale alone, while the precision is probably doubled. 
The relatively high accuracy for the work on Messier 13 is to be 
attributed in part at least to the method of estimates. 

B. In addition to the double measurement of the plates de- 
scribed above, series of completely independent duplicate measures 
were made to test for the various suspected systematic errors. 
Effects of fatigue and other personal-equation errors were detected 
early and avoided. During measurement the plates are illumi- 
nated artificially, so that variations in weather and sky illumina- 
tion disturb the work little, if at all. 

The possibility of systematic error of measurement depending 
on the presence and arrangement of near-by images—an error of 
paramount importance, since it would be related directly to the 
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distance from center—was tested in various ways: (1) by rotation 
of the plate through different angles;' (2) by varying the exposure 
times’ so that the aspect of the field surrounding any given star is 
greatly different from plate+to plate; (3) by plotting artificial spots 
around the stellar image to be measured; (4) by covering parts of 
the negatives with a black paper and measuring the images up to 
the very edge of the occulting diaphragm. 

In the last two tests the accidental errors were somewhat 
increased, but there was in none of the experiments except (2) (cf. 
Fig. 2) definite evidence of systematic error. It is important 
to know that this is the case because of the possible dependence 
of cluster phenomena on distance from the center. It could not 
be expected, however, that the tests would show for photographic 
images the well-known disastrous errors met with in measuring 
visually the brightness of the components of double or multiple 
stars. In the latter case color-phenomena enter; in the former, 
the measures are independent of spectral types and of scintillation. 

A result similar to the foregoing has been obtained by Bailey.3 
His special investigation of the effect of the relative positions of 
neighboring stars on estimates of magnitude showed an extreme 
error of about o.o1 mag. 

C. The recorded mean scale readings both for polar and cluster 
stars were first corrected for distance from the center of the plate* 
and for local irregularities in the measuring scale (the latter deter- 
mined by a detailed comparison with the scale used by Seares in 
the work on the North Polar Standards). To determine the magni- 
tudes for the cluster stars, the corrected scale readings for the polar 
standards on each plate were plotted against their known magni- 
tudes, as illustrated in Fig. 1 for the Seed ‘“‘27” plate No. 1921 and 
for the isochromatic plate No. 1920. The co-ordinates of the 
resulting smooth curves were tabulated for each plate and, with 


«If the images were the least elongated there could be no doubt of the presence 
of systematic errors depending on orientation of the plate. On the plates used for 
Messier 13, however, the images are sensibly circular. 

2 See the discussion of errors in the next section. 

3 Harvard Annals, 38, 203, 1902. 

4 Using the revised mean distance correction determined by Seares, Mt. Wilson 
Contr., No. 97, pp. 4 ff.; Astrophysical Journal, 41, 209, 1915. 
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their corrected scale readings for the argument, the magnitudes 
of the cluster stars were taken directly from the tables. 


Corrected scale reading 


Fic. 1.—Scale reading and magnitude for Polar Standards—above, Plate 1920; 
below, Plate 1921. Triangles refer to stars more distant from the center than 9’. 
Fig. 1 shows also the decrease of accuracy with increasing dis- 
tance from the center of the plate. For the full aperture no stars 
are measured at a distance greater than 5 units=25 mm=11!3. 
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The magnitudes derived from the special tables had finally 
to be corrected, before entering in the catalogue, for differential 
atmospheric absorption due to the small differences in altitude of 
the cluster field and the Pole at the time of the exposures. For 
the photo-visual magnitudes the corrections were taken directly 
from the Potsdam tables,’ interpolating for the altitude of Mount 
Wilson. The correction for the photographic magnitudes is 
assumed to be double that for the visual. The extinction correc- 
tions for the four standard plates are as follows: 


Plate 1900, Pole—Cluster= 0.00 mag. 
IQOI, +0.06 
1920, —0.04 
1921, +0.09 


IV. RESIDUALS AND PROBABLE ERRORS? 


A. Discussion for standard plates—The catalogue, Section V, 
contains the mean photographic and photo-visual magnitudes, 
followed by the differences between these means and the separate 
determinations on the two plates of each kind. The large number 
of residuals permits a thorough inquiry into the nature of the 
errors; in fact, it has been deemed unnecessary to make use of the 
whole mass of data in all of the following discussions. For both 
photographic and photo-visual results the errors have been dis- 
cussed in their relation to astigmatism, magnitude, zero-point, 
and distance from the center. 

1. The Photographic Magnitudes—Plates 1901 and 1921: The 
exposure time on the Seed “‘27”’ plates Nos. rg01 and 1921 were 
two and four minutes, respectively. The latter shows, within the 
area measured, possibly 2500 stars; the former, not quite half so 
many. Practically all the stars in Ludendorff’s catalogue, however, 
and most of those recorded on the best standard isochromatic 
plate, are measurable on Plate 1901. The shorter exposure, in 
fact, yields values for nearly go per cent of all the stars measured 
on any plate, and after discarding a considerable number of the 


t Miiller, Die Photometrie der Gestirne (Leipzig, 1897), p. 515. 
2 Cf. also Section III, B. 
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least dependable values,t there remain more than a thousand 
magnitudes based on determinations from both of the standard Seed 
“‘o7”? plates. In the following discussions only the residuals 
Plate 1921 minus Mean are employed. The differences Plate 1901 
minus Mean are practically the same with reversed sign, since 
equal weight was given in the majority of cases.’ 

In the first four columns of Table II the residuals are collected 
into nearly equal groups in order of right ascension. Most of 


Intervals of Aa 


—38’ —4’ ° +4’ +8’ 


+oMo4 


—0.04 


+0.04 


Systematic deviations 


—0.04 L 


Fic. 2.—The relation between systematic deviations and right ascension—photo- 
graphic above, photo-visual below. 


the stars involved in the fifth, sixth, seventh, and eighth groups 
are in the densest part of the cluster, and, as might be expected, the 
average deviation is there considerably enhanced. The definite 
run of the systematic deviations for separate groups, shown in the 
fourth column of the table, is represented also in the upper part of 
Fig-?2: 

Table II does not give a direct measure of the systematic error 
depending on distance from the center, for the right-ascension 

* See Section VI for the criteria which were used in discarding certain magnitudes 
before making the statistical studies. 


2 For the system of weighting the observations see p. 25. 
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TABLE II 


RESIDUALS AND RiIGHT-ASCENSION INTERVALS 


PHOTOGRAPHIC, 1921 -MEAN PHOTO-VISUAL, 1920—MEAN 
INTERVAL OF RIGHT ee 
ASCENSION Number Average Systematic | Number Average Systematic 
Residuals | Deviation Deviation | Residuals | Deviation Deviation 
; mag. mag. mag. mag. 
—8 o to sas Die 85 +=0.055 —0.02 8 =0.05 —0.04 
—3.3 oaths: 87 .072 — 05 I4 .05 + .05 
—2.1 eas 87 .069 + .or 21 .08 = .07 
—1.2 ‘ —o.6 90 O74 + .o1 23 .06 + .04 
—o.6 es) 83 . 099 =) £62 15 .O4 —" 00 
See Sea 86 SOSOma ta 27 £05 — 02 
+o.1 “ +0.5 78 .098 + .02 26 .08 — .o1 
+o0.5 “ +0.9 85 e102) | -=9 OF 26 06 + .00 
+o.9 “ +1.3 84 .O81 .00 29 KOs — .00 
+1.3 “ +1.9 78 EOSO0|| ==) 00 28 02 .00 
+1.9 cs +2.6 78 .ogt — .07 15 .05 + .03 
+2.6 “ +4.6 76 .078 — HO 9 £05 +> .05 
+4.6 “ +7.5 54 +0.066 —0.04 3 +0.03 —0.03 
Whole cluster... .| 1051 +0.081 —o.016 244 +0.055 | +0.o11 


groups containing the central stars also include a number of those 
from outlying regions. Table III gives a partial but sufficient 
treatment of the residuals from the standpoint of distance alone. 


TABLE III 


RESIDUALS AND DISTANCE FROM CENTER 


PHOTOGRAPHIC, 1921 -MEAN PHOTO-VISUAL, I920— MEAN 
INTERVAL OF 
DISTANCE Number of| Average Systematic |Number of} Average Systematic 
Residuals | Deviation Deviation | Residuals | Deviation Deviation 
mag. mag. mag. mag. 
AO RE ie ee 36 +0.107 | +0.08 
O50 O20 eaten 42 FO7G = 203 33 +0.062 +0.02 
TOueteL nO S.eetedes 41 .076 — .o1 
BOM 2O en nis oe 42 .065 | — .0o4 ea 
. 0.0 
BOE Uts Oneneee: 4I O81 — .07 { 33 0.054: || 10.05 
Shes OMA ON eosin 40 063 — .05 +6 2a re 
STO tet ee 45 +=0.063 —o.03 «| f Ped q2.23 
Whole cluster... .| 1051 +0.081 —o.016 244 +=0.055 +o.o11 


The result is the same as before, though more marked (fourth 
column of Table III). It is to be noted that the error is in the 
sense of stars near the center of the cluster being measured rela- 
tively too faint on Plate 1921. 
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The dependence of the accidental and systematic errors on 
magnitude is shown in Table IV. For this table residuals were 
taken at random from all parts of the cluster so that the systematic 
deviations attributable to astigmatism or distance are eliminated 
almost entirely. Those connected with distance correction doubt- 
less enter to some extent, since distance correction depends on 
brightness. There appears, however, to be no systematic error 
connected with magnitude, and the only notable relation between 


TABLE IV 


RESIDUALS AND MAGNITUDE 


PHOTOGRAPHIC, 1921—-MEAN ° PHOTO-VISUAL, 1920 -MEAN 
MAGNITUDE 

Number of| Average Systematic |Number of| Average Systematic 
Residuals | Deviation Deviation | Residuals | Deviation Deviation 

mag mag. mag. mag. 

TI 5 tO E25 Osher seti| eshatarerayelllpstanermar crests | Meretacseeeye veh 4 =0.06 +o.04 

5 BRON AE Eta TONSA ee aoe Mate Peleriens ci Nesl baer eres deve & 19 .08 + .05 

5 Sol eas elo aie ral leery aaa It erie 8 ll peace wat 31 .05 .00 

TROD NeLS  Semte Be) +0.10 —0.02 BG .05 + .o1 

Tawi DANO Neue 30 o7 + .02 as .06 + .03 

TAR OUST AS nett, 29 Io + .03 12 .O4 + .o1 
LANG hI Oe 29 07 Ses oe Gite ee dete See Coed aes dot od 
TS ROM LSS aes 30 fore) fesOE.. |escehisuis cille Ae cere neues ieee eae 
LSS iene TOs OMenaae 29 08 eh VOT) [in Foe ane Rae eae ere Ree eee 
TOMOMe TOUS anna. 30 +£0.03 =O! OO 'alliny er « egeraral ature erent lence ree tere 
Whole cluster... .| 1051 0.081 —o.o16 244 =0.055 +o.o11 


magnitude and accidental error is the unexpectedly greater accuracy 
for the faintest images.‘ This fortunate result is probably to be 
attributed to the adaptability to the numerous faint images of the 
method of estimates discussed in Section III. 

2. The Photo-visual Magnitudes—Plates 1900 and 1920: The 
exposure times on the isochromatic plates, Nos. 1900 and 1920, 
were 5 and 20 minutes, respectively. The latter shows, with a 
few exceptions, all of the stars catalogued by Ludendorff (and 
many not listed by him), but on the former only about one-fourth 
of that number are recorded. We are not in a position, therefore, 
to discuss the photo-visual errors for stars fainter than 14.5; 

* Perhaps this would justify giving full weight to the magnitudes from Plate 1901 
based on scale readings less than 21.0. See Section V, D. 
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but we are led to believe that the magnitudes depending on Plate 
No. 1920 alone are reliable, partly by the following discussion of 
those residuals available, and partly by other considerations dis- 
cussed in later sections of this paper. It is proposed, however, to 
verify them directly through further measurement of the faint 
stars. The plates necessary for this and other related purposes 
have been secured and will be discussed in a future paper. 

Following the methods used above in discussing photographic 
magnitudes, the results for the photo-visual residuals can be briefly 
outlined. The differences Plate 1920 minus Mean, taken from 
Column 7 of the catalogue of magnitudes, are collected into Tables 
II, Il], and IV, along with the photographic results. 

The run of the systematic deviations when the residuals are 
arranged in order of right ascension (last column of Table II) is 
illustrated in the lower part of Fig. 2. Table III shows for repre- 
sentative groups of residuals the direct dependence of the errors on 
distance from the center. It indicates the increased difficulty of 
measurement toward the center, the small zero-point error, and the 
smaller systematic errors relative to photographic results. As 
noted by Seares in his work on the North Polar Standards, the 
clean-cut images on the isochromatic plates allow more accurate 
determinations of magnitude than is possible from the ordinary 
photographic plate. This justifies the use of fewer measures and 
less material in determining photo-visual magnitudes. Table IV 
shows that the photo-visual errors are practically independent of 
the brightness of the stars. 

3. Summary of Probable Errors: From the 1051 photographic 
and 244 photo-visual residuals grouped in Table II the probable 
errors were derived which are summarized in Table V. Since only 
ro per cent of the photographic magnitudes depend on but one 
plate, and since for half of these there are no corresponding color- 
indices, the average probable error is less than +o.05 mag. for 
95 per cent of the magnitudes used in the, statistical discussions. 
This error includes not only uncertainties of observation in the 
cluster magnitudes, but also the errors in the polar standards, 
uncertainties in the distance correction and zero-point, and other 
plate errors. If the individual residuals for each of the groups of 
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Table II be corrected for the systematic deviation, thus excluding 
the plate errors, the probable errors become as in the last two 
lines of Table V. 


TABLE V 


AVERAGE PROBABLE ERROR OF A MAGNITUDE DETERMINATION 


PHOTOGRAPHIC PHOTO-VISUAL 
Whole Cluster | Distance>2’ | Whole Cluster | Distance>2’ 
Probable error: 
Oneiplates v5, cass +0.068 +0.057 +0.046 +0.044 
‘wolplates) sy snsso ack _-| +£0.048 +0.041 +0.033 +0.031 
Corrected for systematic 
deviations: 
One platewe serene 0.061 +0.044 +=0.040 =0.035 
eRwolplatests ere eer +0.043 +0.031 =0.029 =0.025 


The average probable error’ of a tabulated color-index (column 
8 of the catalogue) varies from +0.082 to +o0.058, and for about 
75 per cent of the stars? is 0.067. Excluding stars within 2’ of 
the center the limits become +0.072 and 0.051, and the median 
value is 0.060. 

B. Discussion for control plaies—One of the most important 
factors in the measurement of color-indices is the determination 
of the zero-points, since any error in them enters with full weight 
into the colors. As each of the cluster plates was exposed to the 
Pole, we should have, under ideal conditions, the zero-point of the 
Polar Standards registered on every plate; and the derived cluster 
magnitudes, when corrected for differential extinction, should be 
on the international scale. But uncertainties in the adopted 
extinction correction may enter, as well as possible differences in 
the atmospheric conditions in the direction of the two fields. 

To check the zero-points derived from the standard plates, 
two additional pairs were made, with different values of the zenith 
distances and with the cluster field above the eastern instead of the 
western horizon. The data describing the control plates have already 
been given in Table I. All of the polar images and a selected 

t Without correcting for systematic deviations. 

2 Those measured on Plates 1901, 1920, and 1g2r. 
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TABLE VI 


CONTROL OF ZERO-POINT 


19 


4 PHOTOGRAPHIC 


STAR KAN CoLor- 
DISTANCE ae haute 
ag. 

172 ek +1.04 14.41 
189. BeO +o.60 14.56 
199. 3.4 +1.42 13.66 
205 ae7 +0o.70 15.24 
236. 323 +0.97 16.63 
227. 2.9 |(+0.20)| 16.04 
239. SO Ns1-O- 030) 15559 
240 2.8 +1.34 13.71 
243. 208 +1.01 Teens 
244. 2.9 +1.16 13.80 
247. eee 24 5257 
250 1.8 +1.27 13.7.5 
252 2.8 +1.25 13.84 
258. Day +1.16 14.53 
260 225 +0.99 15.64 
263. 325 +o.06 15.24 
268. 2.6 +1.20 14.46 
277 2.4 —0.05 15.08 
296. es +1.05 13.59 
316. ae +1.16 13.68 
324. os +1.11 13.06 
326. 2:3 —o.12 13.76 
337% 2.0 +1.02 TAns 
345. ie Alea Ae O77 Nets 305 
348. 3.0 +o0.92 14.90 
353- zeae | reitey) ||) akctarsy! 
370. Tay +1.00 I4.22 
398. Baro. +1.18 13.67 
403. Set +1.07 14.08 
414. 2a +1.38 13.46 
423. 3.0 +o.92 15.06 
430. 2 +o.86 14.06 
481. 0.8 +1.43 13.70 
510 Bap +0.17 14.84 
520. I.4 +0.57 14.09 
541. Tey -0-O7a\" 14.74 
553- 1.9 | +0.71 | 14.64 
687. Gare +o.80 13.76 
PASS dc ¢ 4.3 +o.81 14.38 
CYeoend|) Bee Womseye |) Seeks 
LOS Teer 5.9 +0.40 13.14 
AN.erag el GileLrenCei mete etter. sie 
INRUEMD EN OL-SEAIS). Ghieraete terete. oes oer 
Extinction COLLeCLIONS + aeis eee 


Observed — Adopted 


PHOTO-VISUAL 


Adopted 
Mag. 


Observed —Adopted 


2320 2322 
mag. mag. 
+OL E20 on ae eers 
ten oe +o. 26 
— .05 fete) 
Pectone + .08 
seis ets ies — .07 
heal satya + .o1 
+ .04 | — .08 
+ .08 | + .2r 
— .03 | + .05 
+ .o1 | + .21 
— .17 | — .20 
+ .20| + .14 
— .Ir | — .27 
.00 | — .28 
— .18 | — .24 
— .16 | + .313 
— .14 | — .I5 
.03 | + .12 
== ODS || bere ores 
—fpoweeel Ds lt cae ge roeetews 
=f sOO ln derestetnre 
SOO ri ein ahaa ae 
a D2 g lla aor tencke 
+ .1r | + .12 
— Ol geen terse 
HO |e 1. 27, 
— .04 | — .08 
— .0o4 | + .10 
+ .19 | + .06 
BR aarseeiciets + .12 
.00 | + .II 
+o.08 | +0.18 
=0.09 | =0.14 

27 25 
+o.10 | +0.17 


2319 2321 
mag. mag. 
—o.08 | +0.05 
ay mone, 
ee ares 
+ .08 | — v.11 
— .05 | — .o8 
poe ee 
+ .03 | — .or 
= ONE || Se sey) 
+ .19 | + .04 
fae ee 
+:.02 | — .05 
— .17|)— .14 
lr eos 
— .03 | — .o2 
sere eke 
air oy |) = oes 
+ .08 | + .10 
el 2) en O3 
+ .or | + .04 
eee eee 
— .0o8 | + .04 
pe ec 
“+ 10g | — .17 
Rte as .00 
— .1I0 | — .Io 
—0.05 0.00 
+=0,.08 | +0.07 

25 26 
+0.06 | +0.08 
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number from the cluster were measured by the methods used for 
the standard plates. In selecting the stars pains were taken that 
different degrees of magnitude, color-index, and distance from the 
center should be included. 

The results for the four plates are given in Table VI. The 
star-number is taken from Ludendorff’s catalogue; the distance 
from the center is expressed in minutes of arc; the color-index 
and adopted magnitudes are taken from the catalogue in Section V, 
and the residuals for the different plates, under the heading “‘Ob- 
served—Adopted,” are the differences between the catalogue mag- 
nitudes and those derived directly from the control plates. 


TABLE VII 


DEVIATION OF ZERO-POINTS FROM ADOPTED MEANS 


PHOTOGRAPHIC PHOTO-VISUAL 
Plate 0.—C. No. Stars Plate 0.—C. No. Stars 
mag. mag. 
TOOL A atetsean’s +o0.016 IOSI TQOON- arcane —Onont 244 
TOQTeewae eres —o.o16 IOSI OVI ON Sis ott +o0.011 244 
2320 +0.02 27 2ZTO ney eres —0O.O1 25 
PVPS ola Soe +0.04 25 PROM es sh srt =—0).03 26 


Examining the results for the individual stars on each plate, 
no evidence is found of appreciably deviating scales or of errors 
depending on magnitude or distance. The rather large average 
differences are due to the inferior quality of some of the plates, to 
errors in the standard magnitudes, and to the presence of small 
systematic deviations. 

The probable errors in Table V only partially include the uncer- 
tainties of the zero-points; but the errors from this source are 
small, as is shown by Table VII, which gives results for all the plates, 
interpreting mean systematic deviations as corrections to the zero- 
points. The data of Table VII indicate that small corrections 
might be made to the catalogued magnitudes, and in particular to 
those which are based on one plate only. It can be deduced from 
this and preceding tables that for 10 per cent of the stars (those 
measured neither on Plate 1900 nor on Plate 1901) an average 
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correction of -+-o.03 mag. should be made to the color-indices, and 
that for about 75 per cent of the remainder a correction of +o.o1 
mag. would be appropriate. None of these corrections has been 
applied, however, for the following reasons, in addition to the 
obvious one of little gain for much labor: (1) the corrections are 
derived from a small amount of data, and the largest depends on 
results from a poor plate; (2) the true corrections in different 
parts of the cluster vary by considerably larger amounts than 
these small mean corrections; (3) the statistical investigations 
based on the observed color-indices involve uncertainties con- 
siderably in excess of a hundredth of a magnitude. 

C. Possible systematic error in magnitudes of central stars.— 
The foregoing discussion of errors shows for the denser central 
region of the cluster not only the expected larger accidental devia- 
tions, but also a systematic error apparently inherent in the plates 
themselves. At first it appeared not serious enough to introduce 
unallowable errors into the magnitudes and colors. Further 
investigation, however, and especially the statistical work in later 
sections, suggests that a photographic phenomenon analogous 
to the one discovered and studied by Eberhard’ may influence the 
results to a considerable extent. Eberhard found that the intensity 
of a photographic image depends on the density of neighboring 
parts of the plate. 

Further discussion of this phenomenon in its probable bearing 
on the magnitudes in the center of the Hercules cluster will be post- 
poned to a later paper. For the present the reasons for suspecting 
its appearance will only be enumerated: (1) the nature of the 
field photographed and the method of development; (2) certain 
systematic errors referred to in connection with Tables II and HI 
and illustrated in Fig. 2; (3) the discrepancy between directly 
observed spectra and color-indices in the center of the cluster; (4) 
the conspicuous increase of average color-index in the central 
regions (discussed at length in Section VIII); (5) some laboratory 
experiments in copying and enlarging photographs of clusters. In 
(2), (4), and (5) the effect appears only as a differential factor from 
plate to plate. 

t Physikalische Zeitschrift, 13, 288, 1912. 
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The five reasons just cited for believing that a systematic photo- 
graphic error may affect the magnitudes within 1/5 or 2’ of the 
center, with obvious and slight changes in wording, are also valid 
reasons for believing that there is no such effect outside the crowded 
central regions. In addition we have still stronger assurance that 
the magnitudes of stars more distant than 2’ are reliable in the 
fact that the Polar Standards, which are very generally distributed 
on all plates throughout the outer regions of the cluster, show no 
trace of systematic error depending on distance.’ In fact, Fig. 1 
shows that no important systematic error related to distance from 
the center has entered into the determination of the magnitudes 
beyond distance 2’. 

A quantitative correction for an Eberhard effect is not possible, 
for as yet very little is known about its amount, variation with 
plate emulsions, or its control. In view of this circumstance it 
has been considered best to withhold publication of the magnitudes 
derived for the central stars of the cluster until later study can 
make them more definite. The data derived from them will be 
retained to some extent in the statistical tables and discussion, for 
it is through the analysis of this material that the peculiarity of the 
central region is best revealed. 


V. THE CATALOGUE OF MAGNITUDES AND COLORS 


A. The system of numbering the stars—The main catalogue 
(Table IX) contains results for all the stars with distance 22’ for 
which positions are given by Ludendorff and for a number of others 
for which the brightness on the best isochromatic plate (No. 1920) 
seemed comparable with the brightness of those listed in the Pots- 
dam catalogue. In fact, all stars visible on Plate 1920 were 
measured for magnitudes. In addition a considerable number of 
those given as single by Ludendorff proved upon the closer examina- 
tion permitted by the Mount Wilson plates to be double or multiple 
stars. In fact, as many as five or six components were found for 
some of the objects near the center of the cluster recorded as 
single by Scheiner and Ludendorff. The total number of stars in the 

* The only one falling within the crowded zones is, by chance, superposed on 
cluster stars and cannot be accurately measured. 
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catalogue is 616. In a supplementary table, p. 73, are given 
magnitudes of about 30 very faint stars. The number with distance 
less than 2’ is 659; hence the total number of magnitudes investi- 
gated is slightly in excess of 1300. 

Ludendorff’s numbers are retained throughout and appear in the 
first column of the present catalogue. Additional stars are desig- 
nated by postscript letters. When an image has been separated 
into two or more parts the individual components are assigned the 
original Ludendorff number, each with an appended Greek letter. 
Postscript Roman letters are assigned to neighboring stars un- 
numbered by Ludendorff, and to close companions evidently not 
considered by him in measuring the primary’s position. Thus a 
number may appear several times in succession with both Greek and 
Roman letters, one referring to component and the other to com- 
panion stars. In Section XI another system of postscript letters 
is used for fainter stars, but none of these objects appears in the 
main catalogue. 

B. The adopted center of the cluster —The origin of co-ordinates 
chosen by Scheiner and adopted by Ludendorff was admittedly 
not in the exact center of the cluster. As Normalstern, Scheiner 
chose a star to which later was assigned the number 382. It is 
No. 516 in Ludendorff’s list, and the latter finds its position 
appreciably different from that recorded by Scheiner. On the 
Mount Wilson plates the star is a very close double. The possible 
variation of one of the components may account for the difference 
between Scheiner’s and Ludendorfi’s measures. Ona smaller scale 
the images of the two components coalesce to form a fairly bright 
center of reference. The extreme visual faintness of the Normal- 
stern, however, led Barnard to adopt as reference point a much 
brighter star, Lud. 509, which he considered more nearly the 
center of the cluster." 

The center used in the present work for the application of 
distance corrections—the point upon which the plates were centered 
in making exposures—follows the origin of co-ordinates used by 
Ludendorff by 15”. But the point finally adopted as center of 

* Lud. s09 is about 20” from the center adopted in the present work; for the 
brighter stars Barnard’s choice of center is probably the better. 
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the cluster (determined by counts of stars of different magnitudes 
and by inspection of long- and short-exposure plates) is south of 
Ludendorff’s origin of positions 10” and follows it by 15”. The 
adopted center of the cluster for the epoch 1900.0 is, therefore, 


R.A, = 165 38™ 7814, Dec. =+36° 39’ 9706 


which is about half-way between the stars 555 and 576. All the 
distances in the second column of the catalogue are referred to this 
point. The uncertainty of a distance estimate should not exceed 
one-tenth of a minute of arc. 

C. Evaluation of Ludendorff’s system of magnitude estimates.— 
The determination of magnitudes in Messier 13 by Ludendorff is 
based upon a series of estimates.‘ The stars were arranged in 
16 classes in order of decreasing brightness, no attempt being 
made to obtain absolute values. It is now possible to transform 
the relative estimates into photographic magnitudes, thus giving a 
record of brightness for an early epoch, July 20, 1900, which will 
assist in the derivation of periods of the variable stars in the 
cluster. 

When based on relative estimates, brightness will presumably 
depend upon the surrounding field. Hence values of the various 
Ludendorff classes were determined for four different intervals of 
distance from the center of the cluster. The results are summa- 
rized in Table VIII. Classes brighter than 3 occur but seldom, 
and when recorded generally refer to a double or multiple star. Nor 
can much reliance be put upon the few magnitudes designated by 
the numbers 3 and 4. For instance, stars differing by as much as a 
whole magnitude are included in the 3’s. Columns 2-9 of the 
table contain for the various distances from the center the number 
of stars considered and the mean photographic magnitude derived 
from them.? The average deviation of a single determination is 
approximately +o.15 mag., so that the probable error of an average 
mean magnitude is about +o.05 mag. 


For details of the method and probable value of the estimates, see Ludendorff, 
op. cit., pp. 12, 15, 40. 

7 Columns 3, 5, and ro are subject to revision when the Mount Wilson photo- 
graphic magnitudes of the central stars are freed from a possible Eberhard effect. 
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The expected dependence of the value of an estimate upon the 
condensation of stars is distinctly shown. The values in the last 
two columns of the table were finally adopted—one for the center 
of the cluster, the other for the exterior regions. The uncertainty 
of the reduced Ludendorff estimates is of the order of a tenth of a 
magnitude. 

TABLE VIII 


EVALUATION OF LUDENDORFF’S MAGNITUDE ESTIMATES 


ADOPTED 
DISTANCE FROM CENTER OF CLUSTER PHOTOGRAPHIC 
MAGNITUDE 
Lup. 
C1ass o/o to r/o 1/0 to 3/0 3/oto 5/o >slo Dis- : 
=~ == 1 tance Dis- 
tance 
N Mean N. Mean Mean Mean yh Bu 
© Pg. Mag.| No |pg. Mag.) No [pg. Mag.| NO Jpg. Mag] °° 
Ee I 13.82 4 13.62 2 13.56 2 13.10 Tain 
7 7 13.89 7 13.83 5 agp 4 14.02 13.9 
Lone 7 14.04 6 Tere 7 14.47 4 TARAS LA Aas 
oe 8 I4.50 7 14.61 Io 14.76 3 TAG GAL AULA roel 9) 
eae i 14.68 I2 14.71 9 14.92 4 14.90 | 14.7 |14.9 
Suk 8 I5.01 9 14.94 12 14.94 10 TiSe OOM |eTA ROM SO 
Os 8 15.08 9 14.96 Be) 15.19 10 1S Foy || LEG oat (beso 
TOns 7 15.30 13 15.28 8 15.36 Bike) PGR ATs eLSesm sad 
ge i 15.28 13 15.57 10 15.56 8 15.64 | 15.5 |15.6 
re 8 15.53 Io 15.61 13 E57 6 PS On erSe Onl Gao 
Tess 6 15.76 4 15.92 8 16.00 7 I5.95 | 15.8 |16.0 
Ane 3 15.67 9 15.90 8 16.05 6 16.09 } 15.9 |16.1 
ngs I 15.97 ae) 16.19 9 16.16 9 TOE sal at Ona TOs 
TO Sere ii cke shovel ook oR he 9 16.16 8 16.38 5 16.59 | 16.2 |16.5 


It is to be noted that Ludendorff’s scale diverges very little 
from a true scale of magnitudes. Scheiner’s estimates, on the 
other hand, besides being systematically about two magnitudes too 
bright, are referred to a scale which deviates conspicuously from 
the Mount Wilson standards. 

D. System of weighting observations—The fourth and sixth 
columns of the catalogue contain the photographic and photo- 
visual mean magnitudes, respectively, and the fifth and seventh 
columns the deviations from the means of the individual determi- 
nations on the standard plates. The first number in the fifth 
column refers to Plate 1901, the second to Plate 1921; in the 
seventh column the numbers refer to Plates 1900 and ‘1920, respec- 
tively. Equal weights are given in the majority of cases, but when 
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for faint stars the scale reading for Plate 1900 or Plate 1901 was 
equal to or greater than 21.0, half-weight was given the correspond- 
ing magnitude in forming the mean. When a colon was placed 
after the mean scale reading because of a diffuse or irregular image 
or for other reason, half-weight was assigned to the magnitude; 
for double colons one-fourth weight was used. The cases of 
unequal weights may be determined by inspection of the residuals, 
for instance, Stars 14, 19, and 24. 

Systematic remeasurements were made whenever the full- 
weight residuals for either photographic or photo-visual results 
exceeded a quarter of a magnitude. This led to the discovery of a 
few variable stars, and also to the elimination of errors that had 
escaped the checks. 

Magnitudes in parentheses in the fourth and sixth columns do 
not depend on any of the standard plates, because either of faintness 
or of superposition of polar stars. A discussion of these magnitudes 
which are of relatively low weight is given in Section XI and in the 
“Notes to the Catalogue.”’ A blank in the sixth column indicates 
that the star was too faint for measurement on the isochromatic 
plates. 

E. Color-index and notes —The color-index in the eighth column, 
which is the difference between the magnitudes in the fourth and 
sixth columns, is marked with a colon when either the photographic 
or photo-visual magnitude is uncertain. Values in parentheses 
were derived from provisional results and have been excluded from 
the statistical discussion. 

The numbers in the last column refer to the notes succeeding 
the catalogue. 

In order to make sure that color-indices of exceptionally large 
or small value are not the result of accidental errors, all greater 
than +1.5 or less than —o.3 were redetermined. The mean of 
the original and the new measures was adopted, except where an 
obvious error was discovered. A few mistakes in identifications 
were detected, but the number of large and small color-indices 
was little changed. The remeasurements for all causes involve 
nearly a hundred stars and are designated by Notes 9g, 10 
and 11. 


’ 
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TABLE IX 
CATALOGUE OF STARS 
D 3 PHOTOGRAPHIC PHOTO-VISUAL o 
CANCE Min Ices NorTEs 
Mag. Residuals Mag. Residuals 
FP eES COU eTAe Sh | —" Sy -5 Oi TAs TAY llmiocnesaet +o.71 
PolaetAcO ba OO") R20. fate ck) OG tation: =0.12 
OS7EeCOLs a LLOcAT | sn arian (15.54) 5|nan@uraaes (+0.87)|] 17 
GLOF | ESC Ne Th 285 oo, rae an ene +0.74 
ONG ales ect e LORZAy | Oke eant ac (ce 50) 5 ere (+0.24) | 17,18, 20 
OLOu EIA Ou 04.0400] =, —=) Oe td .SOu ieee caer. +0.35 
SSSR eT Se ees O40 | F— are ron | ere TO ull aac ak (0), 107} 
Seas pers coe TS c0G) | tao te Teli 14. 02m llancamecaee +0077 
eA NELOSa Ne LOeLO see ene arocr. Crs! 42) eee ce: (+0.68) | 17 
OCOD TS come Ee Sr Au mere Aye Alle 3 On || We ompet nee +1.45 
Fo eee LG Aen ales OUR Perak Glee ota Soc oaad 1g, 20 
OSESIETS (Ou leerst5 201 C-1-10,— 16 || caeSOwls etree +0.96 
Oran /eESeO. tee r5 -SOn| (= s.<—Oe| 14. 4Obl nrc errae +1.04 | 21 
Bea Ost tie P5RO4) | = Se — 5 2h] 1S OSs he eater +0.89 
7.6 | 13.5 | 13.06 | — 3,+ 2] 12.80 | + 5,— 4] +0.26 
Os5alieeS <2) | £5620" TO; —TOrlle tA 4Oulls scm mneteror +0.86 | 22 
Osa tan 4) F450) — B65 4-7 Ie LALO 7s | acne roe —O.11 
SS eerse Ore t4.52 0, -- XI |! 137.58 ©, — 1] +0.04 
OFZ aELORO WETS ONG || Td ta WDC) 13 ml ewecenstenctcr ser +0.88 
oe) |Prdrer it ae tye i> item oateel if Ber laoy linameraninos +0.41 
OPS SeES oul TORO || —— Altos le PR 7 a tresses +0.64 
7 Aa UGPOMMe SSO ie=|-24 2 28) | Al G A anlrmenrnicv ete ea +1.02 
SOM eLORON | LO.O8 | —8O,-t- 82 1k (TO204) renee sm etal —0.55)| 17 
eA gM COMM TOL. fale nO nA (LOS 4 ill eerie —0.37)| 17 
Ses leeSeOule 15200. ta a5 40 5 Dr ilantrcrs asec —0.05 
Sect |Pigtaie |) ayy ey |) Seeks cil Greer) IW oanocscer +0.94 
eCoy |) aes) rio mee CS BR Oh bier Ie om cwor — Ont) 
BOM TOCON| TS e6On eth Sy(—— 04. lta 72 a [Perea +0.86 
oie || meen |) Gates tss IP Se Zt ord Beye ook oGoudals +0.91 
AVS WeTEeOn| ECS L2. | o— es AU LE OE ail e ctelecea ce —0.09 
Abecoh || Gitar b |p Sei Op fam Teer a GO miler essa yorrs +0.77 
A estePS Ol 05.770 nee Te EG OFT Wavelets en +0.74 
OAM TSO) ME 52a eg On — See W628 cul recente 0.02; 
AROn ers OM. 5 OOUe-p- 175 —- COU | META. 7 Owl tr cae tata +0.90 
Be One DarOml Wel 57 Oars hi t= OM meh GO ml eyseatete tree +0.14 
On| LO. Ma ek Oe0s Milanese orcas weer BAe ole dl Reeser Gy ice 0.75 
Goth Gine?s |) Seene Wl Ge Geos wp ete) Wogosuuase +0.93 
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TABLE IX—Continued 


PHOTOGRAPHIC 
Mag Residuals 
DSA Owl ceteris ater. 
TOU 9 Uap eanuapereaenaeene 
ba Soy fet Mg gt ito 8) 
TO Sal lmectat 2 ea O 
Toney NP eae ie 
2a WE | ye Zit 
15.12 | +9,- 9 
E5520) PS ee 
15-08 | ths 5 
TO STOR) eeeertene 
TO. ASy | Mareek ner 
TS OOM Uajemeyenaet 
TOASO:s |e neereee ait 
resco |i mire By 
MACY || See ——Ae 
TOsA4. Wee aa ces oe ina lees 
16.28 | —14,+ 7 
nseey | Zire 
15.88 4,— 2 
LO3'5'2 | Sarteire eevee 
ES NS Hip 
LO e}O) || Smitha 
FAOOmN | atau 
T4703 nl eatnkO, sO 
16,16 | --13;— 6 
TO. SOG keer ioe 
TORSOsil cs one 
septs |) Gras aa 
TOSOO Meroe eee 
15:78 | -+-12,— 6 
15.30 -. One ai 
WOH, We Wp 9 
Tels Cys ic 
TO5 Bi. eens tiene eels 
5 Ol dy pel ecercncess Cheeta 
14.88 saa Sate S 
£57500 par iSsinakS 
LOST Oss ia ene een ets 
15.52 | -+-19,—18 
OAR IOSD iin peal | erie 
14.630 ="5, 15 
Gynt ea wc) oon: 
15703 ON Rams ote 
TOSAO De tetoe rice 
15.22 | — 4,+ 5 
TOLP22 Ble eee. 
TOME 7a acta A ge 
16.10 | + 4,— 2 
16.08 Oo; 0 
HOEY | oi 
15.82 O°, I 
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NOTES TO THE CATALOGUE 


. Image irregular; probably several stars. 
. Image elongated; probably double star. 
. Image diffuse; may not be a single star. 
. Plate 1900, image diffuse. ~ 
. Plate 1901, image diffuse. 
. Plate 1920, image diffuse. 
. Plate 1921, image diffuse. 

. Spectrum star; objects designated by this note are on or near the median lines 
along which the slit of the spectroscope was set in the spectroscopic work by Pease. 

g. Remeasured because of large residuals for photographic magnitudes. 

to. Remeasured because of large residuals for photo-visual magnitudes. 

rr. Remeasured because of exceptional color-index. 

12. Plate rg01, image elongated; probably double. 

13. Plate 1920, image elongated; probably double. 

14. Plate 1921, image elongated; probably double. 

15. Images of components overlapping. 

16. Image of companion star overlapping. 

17. The photo-visual magnitudes in parentheses were determined from the long- 
exposure plate, No. 2073, the stars being too faint for measurement on the standard 
photo-visual plates Nos. 1900 and 1920. The magnitudes and color-indices thus 
obtained are not used in the general statistical study of the cluster, but are discussed 
in Section XI. 

18. The declination of this star is 14’”” less than that catalogued by Ludendorff. 
This indicates either a mistake in the catalogue, or that the star is a variable of large 
range. The possibility of large proper motion is practically excluded, for the star 
appears in its present position on the eleven-hour exposure by Ritchey in June 1910. 
On that plate, however, a nineteenth-magnitude star appears in the catalogued position. 
The star now called 5 must be at the very limit of visibility on the Potsdam plates. 

19. The photographic magnitudes in parentheses were determined from the long- 
exposure plate, No. 2072, the stars being too faint for measurement on the standard 
photographic plates, Nos. 1901 and 1921. In such cases it is probable that the star 
is a variable of considerable range or, more likely, that a defect in the plate was mis- 
taken for a stellar image. But see stars 1052 and 1054, and note. 

20. Measured on only one plate by Ludendorff and not at all by Scheiner. 

21. Very bad image on Plate 1got. 

22. Plate 1901, measures difficult; image of polar star very close; half-weight. 

23. Plate 1921, defective image. 

24. Very close triple; measures definite. 

25. Probably double; image elongated on Plate 2073. 

26. This is a new variable star. The magnitudes and color-indices refer to the 
consecutive plates, Nos. 1920 and 1921. The Pg. mag. on Plate rg01 is 16.10. See 
Table XXVI. 

27. Plate 1920, Pv. mag.=15.53:. Rejected as a possibly wrong identification 
since the observed image was at the limit of visibility. 

28. “Perhaps close double” (Ludendorff). Clearly a single star on Mount 
Wilson plates. 
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29. From the long-exposure plates, Nos. 2072 and 2073: Pg. mag.=16.41, 
Pv. mag.=15.45, C. I.=+0.96. 

30. The adopted Pg. mag. is derived from Plates 1921 (16.15) and 2072 (15.71). 
The large difference, which was checked by remeasuring, suggests variability. On 
Plate 2072 a close faint companion is visible. 

31. This star is included in Barnard’s list of yellow stars (Astrophysical Journal, 
40, 175, 1914) and, therefore, is possibly a variable star. See Section XII and foot- 
note on p. 52. 

32. Plate 1920, image of polar star superposed. 

33. “Elongated” (Ludendorff). Definitely a single star on Mount Wilson plates. 

34. Plate 2073, image slightly diffuse. 

35. 238a=Scheiner 167; 2388=Scheiner 160. 

36. Suspected of being a variable star by Barnard; see Section XII. 

37. Plate 1920, Pv. mag.=15.61:. Rejected as a wrong identification. 

38. Plate 1920, Pv. mag.=14.87. Rejected as a possibly wrong identification. 

39. Judging from the observed faintness, one or both components of this close 
double must be variable through a large range, or else there is a mistake in the cata- 
logued position. Ludendorff observed it on only one plate. Ritchey’s plate shows 
the magnitudes about as given here. See the next note. 

40. It is hardly likely that this star is meant for 4o1 (preceding note) as it is distant 
nearly 15”’ from the catalogued position and is much brighter than the value assigned 
to 401. It is difficult to explain the absence of 401¢ from both Ludendorff’s and 
Scheiner’s catalogues except by assuming the star to be variable. Several neighboring 
stars of the same brightness are recorded in both catalogues. Ritchey’s plate gives 
it the same relative magnitude as recorded here. 

41. Plate 1920, Pv. mag.>15.61, so that C. I.<+0.16. 

42. Measured on only one plate by Ludendorff; variable or defect ? 

43. Variable? 

44. No evidence of variability from Mount Wilson plates. In Barnard’s list of 
yellow stars. 

45. This may be a variable star. On Plate 2072 the Pg. mag. is 16.13. 

46. Plate 2073, diffuse, may be double; two independent measures gave Pv. mag. 
15.62 and 15.78. 

47. Suspected by Barnard of being variable. My plates suggest variability also, 
but show no change in excess of 0.3 or 0.4 mag. 

48. From Plates 2072 and 2073: Pg. mag.=16.20, Py. mag.=15.51, C. IL.= 
+0.69. 

49. This is a new variable star. Magnitudes and color-index are derived from 
Plates 1920 and 1921. On Plate 1901, Pg. mag.=14.74. Image invisible on 1900, 
therefore fainter than 14.2 Pv. mag. * 

50. Invisible on all my plates, therefore fainter than 17.5 Pg. mag. Probably 
error, or variable star. 

51. “Probably two stars” (Ludendorff). 

52. 890a=Scheiner 678; 8908=Scheiner 679. Overlapping slightly on Plate 
1921, but all measures definite. 

53. Plate 1901, 906.and 916 overlapping and difficult. 

54. “Probably several stars” (Ludendorff). On Plate 1921 a close faint com- 
panion is south and following. 
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55. 1038a=Scheiner 775; 10388=Scheiner 774. 

56. “Somewhat elongated” (Ludendorff). 

57. Plate 2073, Pv. mag.—1s5- 45. 

58. Plate 1921, image of polar star superposed. If this happens to be a variable 
of short period, the color-index, depepding on non-successive plates, is erroneous. 

59. Plate 1921, image of polar star superposed; too faint on Plate 1920. 


F. Identification positions of postscript stars——Three different 
systems of appended letters have been used in designating stars 
not included in Ludendorff’s catalogue.t_ The “‘a-postscript stars” 
are the components of doubles, triplets, etc. The “‘a-postscript 
stars’? are the unlisted companions and neighbors of catalogue 
stars. ‘The “‘x-postscript stars’’ are uncharted faint objects in the 
vicinity of stars of catalogued position. For the last no positions 
have been determined (see Section XI for discussion). For the 
first two groups Table X contains positions sufficiently accurate for 
identification. They were determined from an enlarged glass 
positive, made from Plate 1921, upon which was imprinted a reseau 
with squares 30” on a side. The position of any image is readily 
deduced from the positions already known for surrounding stars. 
The origin of co-ordinates is the same as for Ludendorff’s catalogue. 


TABLE X 


CO-ORDINATES OF Postscript STARS 


Star Aa Ad Star Aa AS 
BEAGOS? Shion —s5/ 15” —1' 15" AOTC see —o! 23” —4! 2” 
418 —5 17 Sie ig, Milks occ +1 21 So Zyl 
41Y i) 14. es 8008 ....eme +1 50 —2 
SOG vate e —3 34 —5 0 SOOB aeren +2 2 —2 § 
868. —3 36 —5 oO O78 eaer +2 45 -+o 50 
OGG se ial aie. =o, OS +o 49 O7OR- eee +2 43 +o 51 
1088 —3 6 Ou sii 0020 5eerre +3 0 i 1S 
ESSE ee oe —2, if +1 56 TLOOAGE a ae + +3 1 —O 53 
DOA Gn e —1 36 —4 17 TOOAS Seer +3 3 —o 51 
DZOW roan ers «0 —1I 35 +1 4 T038@:..... +3 46 pub) 
230 Ore ae —I 37 +1 6 THORN 55 6 9 0 +3 43 +1 5 

BA LOs ays ci —OnsSO —4 16 VAD 0500 +3 42 =0) 4 
Eyelid nh ROR —I 5 —3 59 LOOA CMe +4 38 —3 48 
B27 Orcs soak, —o 58 +1 33 TOOAR- emer +4 39 —3 43 
4014 —o 30 —4 13 1077 Oper +5 11 +o 18 
4018 —o 31 —4 12 Meviehaadon +5 8 +o 20 


t See Subsection A above. 
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VI. STATISTICAL TABLES 


A. Basis of rejection —Of the 1275 stars originally listed in the 
main catalogue, the 1049 for which both color-index and magni- 
tude are definitely reliable within the admitted limits of error are 
employed in the statistical discussion. The rejections were made, 
with the help of the notes to the catalogue, on a definite basis, and 
in such a manner that no material selective effect on the remaining 
data results. 

Of the 226 stars discarded: 

64 are “tf” stars; that is, because of faintness no photo-visual 
magnitudes could be obtained on the standard plates, and none 
was derived from the long-exposure isochromatic plate No. 2073. 

77 are “parentheses” stars; that is, because of faintness either 
the photographic or photo-visual magnitudes were not deter- 
mined from the standard plates, but were derived from the long- 
exposure plates, No. 2073 or No. 2072; the resulting magnitudes 
and colors are of relatively low weight. 

8 are stars missing or too diffuse to measure, probably represent- 
ing errors in Ludendorfi’s catalogue, or possibly variables of 
great range. 

These discarded stars are discussed to the extent of their 
value in Section XI. The reasons for omitting them from the 
general discussion are obvious. 

Of the remaining rejected stars: 

34 have magnitudes followed by colons or double colons, indicating 
considerable uncertainty of measurement. 

43 are miscellaneous objects whose magnitudes or colors, according 
to the notes, may have very low weight. 

The last group contains (1) about 15 stars whose images are 
diffuse, elongated, or irregular on two or more plates (Notes 1-7); 
(2) about ro stars with overlapping images, which were not excluded 
for other reasons; (3) a few stars (Note 6) too faint to be checked 
on the second isochromatic plate, and (4) certain others for which 
there is a possibility of questionable results because of suspected 
variability, poor images, indefinite measurements, uncertainty of 
identification, or similar causes. 


« Cf. Section IV. 
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All of the rejections were made (without regard to the values of 
the color-indices) before any of the statistical arrangements were 
begun, and are presumably without prejudice. There will be a 
slight but unimportant preference of the rejections for the center 
of the cluster because of the difficulty of measures on the closer 
groups, but so far as color and magnitude are directly concerned 
all grades are affected equally. 

B. Arrangement of tabular data.—In the main statistical tables 
(XI and XII), and in all discussions and subsidiary tables based 
upon them, the data are arranged according to the photo-visual 
magnitude. Because of certain instrumental limitations this 
practice will be followed in all the cluster studies. To obtain a 
given limiting magnitude the exposure time on the isochromatic 
plate must be eight or ten times that on the Seed “27” plate. It is 
always possible, therefore, to extend the photographic magnitudes 
far beyond the practicable limit of the isochromatic plates. In the 
present case all the stars visible on the best standard photo-visual 
plate (No. 1920) are also present on the photographic negative 
No. 1921, regardless of the color, but not vice versa. 

A satisfactory discussion of all the data from the standpoint of 
photographic magnitude would be impossible because of a strong 
selection of those faint stars red enough to appear on the iso- 
chromatic plates. Blue stars of equal or even much brighter 
photographic magnitude might not appear on the latter photo- 
graphs. But in dealing with the photo-visual magnitudes, down 
to the fainter limit of the plate, there is no color selection, and to that 
limit the material is complete. Photo-visual magnitudes are also 
an advantage for the comparison of cluster luminosity-curves with 
those of the brighter stars, which are always expressed in terms 
of visual magnitude. 

Table XI contains for successive annular regions the relations 
between color-class, average color-index, average magnitude, and 
distance. Various tabular summaries of the data will appear 
in later sections.’ Table XII contains for larger annular regions 
detailed information relative to the frequencies of magnitudes and 
colors: The tabulated quantities are numbers of stars. No 

«In particular, Table XVII. 
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TABLE XI 


Cotor-CLAss AND DISTANCE 


Cotor-CLass 
TABULATED ALL 


DISTANCE Quantity Coors 
b a if g k m 
No. stars..... ° ° ° I I 2 4 
Onecare AVG Tee 2 yale seacaire sates rel eee +1.12 |+1.24 |4+1.82 |+1.50 
Da gd aAle pool kanal olen aaa leas. 5 eal fee ic adc TZ SANT se SOs 5 4a leiss3 
(No: stars..... ° fo) fo) 6 5 2 13 
CBOs ateny Vege) Or ecg acest Pet eel Mormons ong +o0.98 |+1.39 |+1.73 |+1.25 
AVEPVomag sealants lveennee Notes £3, Ooul 1 3c 4 Tal 2e5 7a ersss 
INGSStarS eer ° ° 3 4 7 5 19 
On same: AV 7 COU rari c his, hataey || decternee +0.66 |+0.94 |+1.40 |+1.76 |+1.28 
AVSENV. Magn ae neret ise eae T4550) |) $4,027 013) 22 sie rseO2) rare 
No. stars..... } ty ° 6 5 II 3 25 
OVA ae ae eA OAD [eae He arlene ob +0.58 |+1.03 |-+1.39 |+1.71 |+1.16 
Aw, IP Ve, Magnan Serer T446)| 14.00) 13-44 orze0s) lease, 
No. stars..... ° 5 6 15 10 3 39 
Ol Siaeoas Ava Cl, sichieeiteences +0.21 |+0.70 |+0.96 |+1.38 |+1.76 |+0.99 
AVE PVaInags.nl eae nee L5200) || 14200) | T451OM ers 74ers 22 |ELAnos 
No. stars..... ° 2 5 6 6 ° 19 
OxGieeee AV RCo Leet einee +0.32 |+0.62 |+1.02 |4+1.34 ]....... +0.94 
IA EVI ee Meee oe Goan |b aA Syke Me TS We oa 14.25 
No. stars..... ° 5 8 16 6 I 36 
O17 eer HAW ESC olin ete lc thee entre +o0.31 |+0.64 |+o0.98 |+1.34 |+1.60 |+0.89 
PMA TIVE NE soc 145205) Aneel s| ALS OOMLs OS) etzeA Gilit4 ZOO 
No. stars..... I Io 9 15 8 2 45 
OsOrisees i Ay Te heres —0.07 |-+0.24 |-+0.60 |+1.00 |+1.34 |+1.82 |+0.82 
Av. Pv. mag ijpime |p Sisetoy EW otaisce |) Gvinany || me 7vl | in ws (|) sl ae, 
Pe Starsenae. I 7 6 II I ° 26 
©. Ons Aware ene —o.11 |-F0.29 |-++-0.63 |--o.08 |-1.48 |....... +0.69 
AVP Ve Matson | I3eO5is| er 4a 71s ets Oost 305ml elo 7 One 14.35 


detailed description of either table is necessary. Their discussion 
will be taken up in the following sections. 


VI. FREQUENCY OF COLOR-INDICES; ON THE ABSORPTION OF 
LIGHT IN SPACE 
A. Introductory remarks on the statistical studies—As the 
treatment of the results for Messier 13 is but one of several similar 
discussions planned for the future, it will be advisable to treat 
some parts of the present material in a rather summary fashion in 
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TABLE XI—Continued 
Coror-Crass 
DISTANCE TABULATED ALL 
QUANTITY | Coors 
b a rf g k m 

P Now stars... ° 5 12 20 2 ° 39 
TOM core, AVICeT apse | seen +0.18 |+0.64 |+1.01 |+1.36 |....... +o.81 
ANe EP Vn ate |coueney EC EDIE ety Onlels.OOn mie e7On renee: 14.29 

P INOW Starseet.c: 2 Y 7 ste) I ° 27 
PATa ey. AVS Cole ee —0.09 |+0.20 |-++0.65 |-+-0.99 |+1.32 |....... +0.63 
Avy. Pv. mag BS) 20) 4c OU) 2405354 On| Uae d omer cern 14.70 

; INOwstarse- 4. 4 6 7 23 I I 42 
1 ye AVOCSI en ae —0o.14 |+0.22 |+0.67 |+0.93 |+1.34 |+1.78 |+0.71 
Av. Pv. mag ESPOON EES e400] 145720 ets. OA nr 2OOn | PLEnOomlErAmas 

: INOwstarss ne 2 8 12 15 3 ° 40 
eee SAW. Co Liss —o.24 |+0.13 |+0.59 |+0.96 |+1.48 |....... +0.66 
Av. Pv. mag TATOO | eLAT OOM ETA O4net4nOlg ek 2433 m |eomrets 14.40 

No. stars..... 2 7 Be) 8 ° ° 27 
5 ae es AEs Tivsae —=0.05 |--0.12 |--0.64 |--0.00: |... 2...5)|5.--.44 +0.53 
Av. Pv. mag E5530) £52200) £4553 E3500. | cern laren 14.74 

, (No. stars..... 3 Io 13 21 I co) 48 
ES ohne NAVE CD aera. —o0.03 |-+0.19 |+0.60 |-++0.92 |+1.35 |.:..... +0.63 
Ay. Pv. mag LAG ps || Be eoy |) Ce) |) AUACRE || TIO) loan cans 14.54 

INO Starsemee 4 4 8 8 I fo) 25 
10 soy. AV. occ ine —o.15 |+0.26 |+0.62 |+o.91 |+1.42 |....... +0.56 
Av. Pv. mag L5H sO —T4 eho ues cOle |e T4ie22 | STARS Sele 14.74 

Nov starseeeee 2 9 12 9 ° I 33 
SA ore ae Ae G. Tene —o.22 |+0.16 |+0.65 |+0.94 |....... +1.64 |+0.57 
Av. Pv. mag La Cfey I SME PVE G AEG) sehieY na oooe 12.08 | 14.55 

Noxstars a. ya 2 3 9 10 I ° 25 
nats nee Av. C. I.......;—0.27 |-+o.30 |+0.65,/+0.97 |+1.27 |..-..-.- +o.69 
Av. Pv. mag Hass) || ehyateyy | ard || avlsiae ll SAME Non coe we 14.43 

No. stars..... 4 3 9 6 ° ° 22 
TOs Ave Galen se ||— OnE) |--On2T -]-O270, |t-O2.050 | waeraincel ay -retisie +o.56 
Av. Pv. mag E5430) |e L507, 14s SOU NEXAL ATs acrerserars| ejeneorcts 14.63 


the first analysis of cluster magnitudes.t With the addition of 
analogous data from other clusters we can return to the results here 
tabulated and make a more thorough study than is now possible 
of the various subjects involved. 
therefore, the results are to a certain extent provisional, but in most 


In view of the proposed additions, 


The first announcement of the results for Messier 13 was made at the California 
meeting of the American Astronomical Society, August 2-7, 1915. 
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TABLE XI—Continued 


Coror-CLass nen 
DISTANCE ‘Genter, Coioes 
b a f g k m 
No. stars..... 7* 4 14 10 ° ° 35 
sOwerse JNK Opn lau acre —o.16 |+o0.22 |+0.65 |+0.92 |.......]....... +o.52 
Av. Pv. mag T5322 | DAL SOAS Omi NLA ROOM kiareenre era etantatere 14.71 
INoustarsawecn 3 2 4 5 2 ° 16 
sLigtecstat: ANG. Danese —o.19 |+0.30 |+0.73 |+0.94 |+1.40 |....... +0.65 
Av. Pv. mag T5417) || 5 cA SW eta 2OmmES TOO) L212 ra nere 14.19 
Nonstarsu-see tof 2 2 4 ° ° 18 
LD Seow AVG, alse —o.15 |+o0.20 |+0.76 |+0.96 }|.......]....... +o0.24 
Av. Pv. mag T5205 cl) TSHZS2) SLA O21 TS). TO) eee erie 15.05 
No-stars..... 4 4 II 8 I ° 28 
BUs ne AN Ge oe = O100)| 1-0, 009 | 1-0 00Nl--OnQOm |= [ois 2/7 (methane +0.53 
Av. Pv, mag TSeSA SES ol Sil et UTA ae Te eae OSm weer: 14.87 
No. stars..... is 2 7 9 ° ° 23 
D LAVAL Iaees Ayn elioanreees —o.11 |+0.22 |+0.66 |+0.90 |.......]....... +0.55 
Av. Pv. mag TS 120a | eTSuTOu| ees cS eel a a A/7al eee | emteeser 14.85 
No. stars..... 6 4 7 7 ° ° 24 
DRA ered AN, Gosle: Bree —o.08 |+0.15 |+0.64 |+0.85 |.......]....... +0.44 
AVe Bvemagic: | ats OOn|oL4 AGO. feb Gece | mek 4 SOnnet ween | crear 14.82 
No. stars..... 3 3 3 5 I ° 15 
DO ier Aveta besser —o.08 |+0.25 |+0.66 |+o.91 |4+1.20 ]....... +0.55 
Av. Pv. mag ES MU2 WTS SOS NTA AO pets AON | toa 20M eeeeeeces 14.65 
No. stars..... 2 2 6 7 ° ° 17 
OSU ieee 6 AN Cee es =O. 12.|--0.30) |-|-0;67) | 4-020) |ila..-scillacieete ee +0.67 
Av. Pv. mag E563 7.0 | ES GOON E4504 ees 4On| heres ate eeenceete 14.36 
No. stars..... 4 B 9 vi 2 ° 25 
WES: cone AVERG aL atte —o.16 |+0.25 |+0.66 |+0.97 |+1.30 |....... +0.62 
Av. Pv. mag yeep |) site rdy |) sexe hess, soley, [ae EN | oo 14.48 
INosstarsan co 2 ° 7 5 ° ° I4 
BO ane Avs Cos laain es O08) | Sae ase {0}. OMe |= 102!) | pre eal noe +o.64 
Av. Pv. mag T5585 heist TATOO RI EES 2OOu ieee oe 14.55 
* Contains one star with C. I. =—o. 43. t Contains one star with C. I.=—o.52. 


cases they are to be so considered only becauSe the later data should 
render more secure the present interpretations of the observations. 
It has been found convenient in discussing the results to divide 
the cluster into ten concentric annular regions and seven intervals 


of brightness. 


Data relative to these divisions are contained in 


Tables XIII and XIV, in addition to the more detailed information 


in Tables XI and XVI. 
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TABLE XI—Continued 
ieee Coror-CLass 
D 
DISTANCE QUANTITY Chis 
6 a ce g k m 
3.0 INosstarseace 4 4 12 12 ° ° 32 
and AN Cel epee —©.20 |--0.21 |++-0.66 |4-0,02 |......<|).....- +0.59 
NG Av. Pv. mag rites Hy Seegee Meola hao EOE los oposite oo secs 14.53 
B62 No. stars..... 2 6 II 7 ° ° 26 
and AVIG eee oe Oyler ne | POR ORE ron ile snogodilocon ous =-On5e 
Bes Av. Pv. mag PEM ll aly Koro bray rop liar okt Pea ellen co ane 14.77 
aA. INosstarstee.- 2 I 8 6 I ° 18 
and AVS Gelos. fue =—0.20 |-F0.28 |--0.62 |-Fo.92 |-r.42 |-...... +0.65 
ges Av. Pv. mag ES e200 U5 c.050 FAVOOn|| 2453) i224 eee eer eA 
3/6 No. stars..... ° 4 9 4 ° ° 17 
and ANE AC YU tora erect: SreMoky | Ronen | ons OMlloamos nallaageoce +0.57 
B07 ve Vania ee eeeeper Cee Ph GPW baw WONG: 5 oo Falken 6 om 14.85 
ZES INo: stars). ce 4 2 II 4 I ° 22 
and 4 Ay. Te oe —o.23 |+0.08 |-++0.66 |--o.92 |+1.31r |....... +0.52 
3.9 (Av. Pv. mag D5 ESA) A PSmOS EAs Syne ae cOuln i 2a Ae eres 14.58 
4!0 No. stars..... 9 I 8 6 I ° 25 
and NS Ceol sare ae — Ont se |-|-On35) | OOO |>-Oua yale Les 2. | etree +0.44 
Aon Av. Pv. mag T5255 e2sal LAO 7a | eCAP OSs eh2. 4 20 lien 14.92 
4/2 Nos stars: 2-0 3 2 3 6 I ° 7 
and AV. Gols oo —o.14 |+0.13 |+0.62 |+0.89 j+1.20 |....... +0.55 
4'3 Av. Pv. mag TS Br 4g CLS tos fet AROOn| eh 4e7 5 a) ace] 5 |prcer ec 14.85 
4°4 No. stars... .: I 2 7 2 2 ° 14 
and AVA e ae —o.18 |-+0.14 |+0.66 |+0.90 |+1.35 |....... +0.66 
4/5 Av. Pv. mag Lo eTOM ELS ACO MmIAn OA et 4nO 7 |e Scc7 4m | neem 14.79 
4'6 Now stars... I 5 8 6 ° ° 20 
and gAWee. Tenn. —o.13 |+0.14 |+0.70 |+0.95 |.......J.....-. +0.59 
4.7 Av. Pv. mag yao len nee a) wiiseniy I seb fara kt ncuallontc actin 15.02 
4/8 | Nowstarsi..- 2 I 5 ° ° ° 8 
and AVE Calera op nish | money ern iy rane anialicen 2o.0||te oo +0.38 
4:9 Av. Pv. mag Siamese iden is ene ayy tier 6 Sierca| nado ooallao omnes 14.93 
B. The frequency of color-class—The totals, combining all 


magnitudes, for the various parts of Table XII are brought together 
in Table XV. The tabulated quantities are numbers of stars. 
The successive lines of the table, with the exception of the next to 
last, are represented diagrammatically in Figs. 3, 4, and 5, with 
numbers of stars as ordinates and color-classes as abscissae. 
shows the frequency of color for two inner regions of the cluster; 


Fig. 4 that for three exterior regions. 
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Fig. 3 


Later it will be shown that 
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TABLE XI—Continued 


Cotor-CLass 


TABULATED ALL 
DISTANCE CoLors 
QUANTITY ; i f é k '- 
5/0 Noyistarseeer: 2 I 6 6 ° ° 15 
and A eoL =6.14 ||-0.14) |=. 72 14-0.05 Wiens eo elias cele +0.65 
Sur Ayv./Pyomag.n|| 15.39 1) D5 5O tai O5) | ete tO ep mrecten atari 14.66 
5/2 INoWstarsm ee I ° 5 5 ° ° II 
and Av Dee trees =O'0S) jl} siete 10,00 I|=F-ONOL ve. rreerelistarets aete +0.68 
ees DM Mg witha) SIAR Mie aman TASOO mn 132701 vee eleree eee 14.43 
5/4 Nomstarswenes fo) ° 4 7 ° ° II 
and AV CUT cows eo ose eee 1-07.07) || =}-O1 G2 illaieesetersiel| rere rete +0.83 
GG AVG PN AIDA clearence nls cee TS 00 fh TASS 4 lca 14.71 
56 No. stars..... 3 3 I I ° ° 8 
and Jane ON Bane, 3 —o.10. |+0.20 |-++0.70 |+0.93 |.......|.....-- +0.24 
Rho) Av. Pv. mag rie kdal| eeegtsty || sieeve States Weooe ob glanas eon 14.80 
5:8 No. stars..... ° I 2 I ° ° 4 
and AVC. Tie. lamers « 0:32 |--6.42 |4-O285 leee este s'le sence +0.50 
BAG INLAYS IMOTR clioce six ox LAs SOULS EOS (IA O Sulla nee leery ae 14.35 
6!0 No. stars...... ° ° yh 4 I ° 12 
to Daa DAM Bas ore aD era nie al elec tec +0.70 |+0.92 |+1.45 |....... +0.84 
614 ANSE Vala gsaale spteerl| a eiertes TA= 00) 14570) |e 13 GO eee mae 14.61 
6'5 INoNstarsinn: a I 4 2 ° ° 10 
to Av I —0.10 |-+0.35 |-+-0.70 |-++-1.00 |........]...-... +0.48 
69 Av. Pv. mag TSE 20) TAA) E4209 | Atom lie eer leer 14.85 
No. stars..... 2 a ° ° 12 
>6'9 Ave G2 bere =O. 11 44-0.;20 |-1-0-60 |--0.08 |) ee aesiace soe +0.46 
Av. Pv. mag LSA l 3075: [et 4 O40 SYA A Om leer ares | ener 14.58 


the inner and outer regions must be considered separately, so that 
a curve for the whole cluster would have little meaning. 

A single curve for the whole outer portion, Regions V—X inclusive, 
appears in Fig. 5 together with the frequency-curve of spectral 
types at large, the data for which are taken from Parkhurst’s Yerkes 
Actinometry.* ‘To plot Parkhurst’s data the spectral types were 
interpreted directly as color-classes, and numbers given by him 
were divided by two. Though differing in detail, these curves 
are similar in two important characters, notwithstanding con- 
siderable lack of homogeneity in the Yerkes results as regards 
distance and absolute brightness—each curve has a maximum for 


* Astrophysical Journal, 36, 218, 225, 1912. 
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TABLE XII 
FREQUENCY OF COLORS AND MAGNITUDES 
REGIONS I AND II—DISTANCE FROM CENTER 0/0 TO 0/9 
L od Coror-C1Lass 
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TABLE XII—Continued 
REGIONS V AND VI—DISTANCE FROM CENTER 2/0 TO 2/9 
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TABLE XII—Concluded 
REGIONS IX AND X—DISTANCE FROM CENTER 25‘o0 
Coror-CLass 
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blue and for yellow stars, and the limits of color are practically 
the same for both. 

C. On the absorption of light in space-—Probably the most 
remarkable feature of the distribution of color-classes is not the 
relative paucity of a’s and early /’s, nor the great extent of the 
range in color,’ but rather the highly significant fact that there 


TABLE XIII 
AREAL DIVISIONS OF THE CLUSTER 


° imi i . of - Limits of Middl No. of 
Region Dotan ee ee Region Disance Distatices Stars 

Tes tg; Senders Qio0-0/45 | 0/22 Glial Wile ee 2!46-2/95 | 2-7 95 
Dane ae 0.46-0.95 | 0.7 TOS eV Laren 2.96-3.95 | 3-45 II5 
TT ane 0.96-1.45 12%, Mo MN ANO E55 o.: 3.90-4.95 | 4.45 82 
UV iraeereree I.46-1.95 EY) B53 Wllicd ea remeceaeas 4.90-5.95 5-45 49 
Vie ren oe T.06-2.45 | 2.2 T20)11 NC 55.96 | (6.8) 34 

TABLE XIV 


MAGNITUDE DIVISIONS OF THE CLUSTER 


Interval pike of ‘oe No. Stars|| Interval pani of eon No. Stars 
Bi eiciets I1.80-12.59 12.20 Kyi een certs 14.40-14.99 I4.70 248 
Beer 12.60-13.19 12.90 73 Sem ot I5.00-15.59 15.30 348 
Dnotciot I3.20-13.79 13.50 89 W kates I5.60-16. 19 15.90 47 
Omar 13 .80-14.39 14.10 207 


are any negative color-indices at all. Let us consider only that 
portion of the cluster, represented by the last line of Table XV, 
which is at a greater distance from the center than 1/9. Of the 


t The detection of a wide range of color in Messier 13 by Barnard is the pioneer 
work along this line. His most recent paper on the subject (Astrophysical Journal, 
40, 173, 1914) gives the result of a comparison of the relative sizes of star-images on 
a plate made with the Potsdam photographic refractor and on one made with the 
Yerkes refractor using a yellow color-filter. The work is necessarily only qualitative, 
but the evidence for different types of color is conspicuous and conclusive. Barnard 
gives two lists, containing a total of 144 stars. The first contains those relatively 
yellow, the second those blue relative to the average of all the cluster stars. Using 
the color-indices in Section V, the average color-index for his two groups has been 
determined, first excluding a few stars that could not be positively identified, or were 
found to be double, or were suspected of variation. The result is as follows: 

36 blue stars, Av. C. I.+0.05, largest value +0.49, smallest —o. 52 

96 yellow “ +0.77 +1.20 +0.33 
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495 stars, more than 17 per cent have negative color-indices, and 
of these one-fifth are bluer than represented by color-class b5. Is 
this result attributable to a systematic error ? 

Suppose the Harvard Polar Sequence had been used instead of 
the Mount Wilson Polar Standards. A curve showing the relation 
between the two scales is given in the first paper of this series.t As 
the range of photographic magnitude considered in the cluster 
extends from 12.5 to 16.5, the average correction to reduce to the 
Harvard scale would be nearly three-tenths of a magnitude in the 
sense of increasing the brightness. The color-index, Pg—Pv, for 


TABLE XV 


FREQUENCY OF COLORS 


Coror-CLass 


REGION | ALL 
bo to|bs tolco tolas to! fo to| fs to |go to |gs to |ko tojks tolmo to|ms to Cotors 
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all stars would therefore be decreased by this same amount, which 
would mean that in the outer region of the cluster there is scarcely 
a star redder than the sun. Thirty per cent of the stars would 
have negative color-indices, some with values less than —o.7. 
Negative color-indices of this magnitude have never been observed. 
No important modification of this result is obtained by using the 
Harvard scale as revised by Seares. A decrease of a quarter of a 
magnitude in all color-indices is still demanded, which would again 
call for unknown values of negative color-indices. 

The foregoing considerations throw light upon the relation of the 
Mount Wilson and Harvard photographic scales, but they fail to 
eliminate the class b colors from the cluster. We are left with the 


I Mt. Wilson Contr., No. 115, p. 16. 
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conviction that, so far as present data go, normal negative color- 
indices exist in the Hercules cluster in large numbers. 

It is well known that a condition of this nature cannot exist if 
there is appreciable molecular scattering of light in space. Suppose 
we use the most recent value derived by Kapteyn for the change in 
color-index due to space absorption, namely, d=+o.003 mag. 
per unit of stellar distance (r=071).' It will be shown later that 


b a oii g k m 


Fic. 3.—Frequency of colors in Regions I-II (dots) and III-IV (circles) 


the parallax of the Hercules cluster cannot reasonably be greater 
than +o0”ooo1, and it may be but one-tenth of that amount. The 
absorption, then, should be of the order of three magnitudes at least, 
and the minimum color-index +2.5. Suppose we use the very 
recent and smaller value,7 d=-+0.0015, determined by Van Rhyn 
from a consideration of the stars included in the Yerkes Actinom- 
etry. Even then all the color-indices in Messier 13 should exceed 
a magnitude. 
* Mt. Wilson Contr., No. 83; Astrophysical Journal, 40, 187, 1914. 


* Derivation of the Change of Colour with Distance and Apparent Magnitude, 
Groningen, 1915. 
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It seems necessary to conclude that in the direction of the 
Hercules cluster the selective extinction of light in space due to 
molecular scattering is negligible. If we grant a color-excess of 
-++o.1 mag. in the cluster,due entirely to space absorption, the 
value of d cannot exceed +0.o0o1 mag. per unit of distance, an 
amount entirely inappreciable in dealing with the distances of the 
ordinary isolated stars. In the light of this result we are probably 
justified in assuming that the non-selective absorption in space 
(obstruction) is also negligible. 


b a i g k m 


Fic. 4.—Frequency of colors in Regions V-VI (dots), VII-VIII (triangles), and 
IX-X (circles). 


The interpretation of color-class directly as spectral type 
receives a valuable verification through the work by Pease on the 
spectra of the individual cluster stars, but owing to the provisional 
nature of the data the check cannot as yet be considered complete. 
So far as it goes, the material is as accordant with the previous 
findings as could be desired, both for the immediate problem of 
space absorption and for the later treatment of the central part of 
the cluster. ‘The discussion of the spectra and the relevant color- 
indices will appear in a separate paper. For the present we only 
observe that for the four stars with distance greater than 1.5 the 
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excess of observed color over that to be expected from the spectral 
types is but +0.08 mag. The error possible from the magnitudes 
and spectral classification of a single star may easily exceed a 
tenth of a magnitude. 


b a f g k m 


150 


H 
° 
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5° 


Fic. 5.—Frequency of color-classes in Messier 13 (full line), and in sky at large 


In Van Rhyn’s thesis, cited above, the observed increase of 
redness of stars with increasing distance is shown possibly to be 
dependent on spectral type; at least, it is vanishingly small or 
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negative for B-type stars and the early A’s.t. This supports his 
alternative interpretation that the observed distance-effect is an 
influence rather of absolute luminosity on color than of space 
absorption. In that case the absolutely brighter stars would be 
redder; and for the stars considered by Van Rhyn it appears prob- 
able that, if an increase of five magnitudes in absolute brightness 
is assumed to correspond to about +-o.05 mag. increase in color- 


, , 


°) 4 3’ 


+0. 54 


Fic. 6.—Average color and distance from center for all magnitudes combined 


index (apparent magnitudes and spectra being the same), the 
observed increase of color with distance could be accounted for. 
But, in contradiction to the increase of color with increasing 
absolute brightness, Van Rhyn presents data in his Table 30 that 
would suggest that the absolutely fainter stars are the redder. 
Similarly Adams? and Jones’ present contradictory evidence rela- 
tive to the effect of absolute magnitude on color. 

x Adams found the effect of luminosity on spectral intensity inappreciable for 
first-type stars (Mt. Wilson Contr., No. 78; Astrophysical Journal, 39, 89, 1914). 

2 Mt. Wilson Contr., No. 83; Astrophysical Journal, 41, 187, 1914. 

3 Monthly Notices, 75, 4, 1914. 
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Whatever this effect of luminosity on redness may be, we can 
safely assume for the present that it is not sufficient to counteract 
or conceal the absorption of light in space if the previously found 
values of this quantity are adopted. It is also apparent that, over 
the small range in apparent magnitude (and, therefore, in absolute 
magnitude) observed in the cluster, the luminosity factor can have 
no serious influence on the observed color-index. 


, , , 


° 2 4 6’ 


Average color-index 


+o0.60 


Fic. 7.—Average color and distance from center for successive magnitude intervals 


VIII. DISTANCE FROM CENTER AND AVERAGE COLOR; THE 
EBERHARD EFFECT 

The last column of Table XI contains, for each small interval 
of distance from the center, the average color-index of all stars 
included in the annular area defined in the first column of the 
table. These values of the average color are plotted against 
distance from the center as dots in Fig. 6. “The large open circles 
represent means for each region, and the crosses are the mean 
values corrected in the outer part of the cluster for a supposed 
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influence (on the average color-index) of the greater average redness 


of non-cluster stars.2 


TABLE XVI 


The noticeably greater variations from the 


AVERAGE COLOR FOR DIFFERENT INTERVALS OF DISTANCE AND MAGNITUDE 


Mac- 
NITUDE 
INTERVAL 


Total 


TABULATED 
QUANTITY 


Percentage I... 
Percentage II. 


Percentage I.. 
Percentage IT. 


Percentage I.. 
Percentage IT. 


Percentage I.. 
Percentage IT. 


Percentage I.. 
Percentage IT. 


Percentage I.. 


Percentage IT. 


INO? Stars ee 


AS Clee area, 
Percentage I*. 
Percentage II. 


REGION AND MIDDLE DISTANCE 


29 
+0.55 
8 


13 


226 
+0.97 

21.6 

I0o 


oe tie \, and VI 
1/5 Bes 
II 8 

Pitas aps 
30 22 
4 4 
20 14 

+1.09 |+0.81 
27 19 

7 7 
30 II 
+0.90 |+0.95 
34 12 
Io 6 
65 27 
+o0.81 |+0.71 
31 13 
2% 14 
86 48 
+0.58 |-+0.67 
35 19 
28 24 
97 go 
+0.44 |+0.31 
28 26 
31 45 

328 215 

+o0.65 |+0.56 

BL eZ 20.5 
I00 I0o 


VII and 

IX and X 

Vill ; 

4/0 6/0 

° 
T5834 Were rnc 
TS avers 
3 te | eee 

6 4 
+0.97 |+0.85 

8 5 

3 5 

6 6 
+0.97 |+0.97 

7 7 

3 if 

36 13 
+o.72 |+0.81 

17 6 

19 16 

3 25 
+o0.62 |+0.67 

15 Io 

20 30 

97 35) 
+0.46 |+0.39 

28 Io 

52 42 

197 83 
+0.55 |+0.62 
18.8 7.9 

100 Ioo 


REGIONS 

ALL VtToX 

Recions| Inciu- 
SIVE 
37 13 

+1.41 |+1.28 
ele) 35 
3-7 3 


100 33 
7-3 5 
89 23 
+o0.89 |+0.96 
100 26 
8.9 5 
207 76 
+0.84 |+0.73 
100 37 
20.7 16 
248 IIo 
+0.64 |+0.65 
100 40 
ART 24 
348 222 
+0.40 |+0.39 
Too 64 
34-7) 47 
1049 | 495 
+0.673/+0.55 
100 47.2 
100 100 


* Includes also the 47 stars of magnitude interval 7. 


mean with increasing distance reflects the relatively lower weight 
(smaller number of stars) of those groups. 
The increase of color toward the center of the cluster is unmis- 
takable. Its interpretation may be that the systematic errors 
t Cf. Section X, B. 
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noted in discussing the residuals are of more importance than sup- 
posed, or that the bluer stars are less concentrated than the redder 
ones, or that a selective scattering of light exists in the cluster 
itself though none is found in intervening space. The most prob- 
able explanation, however, as suggested in Section IV, is that a 
phenomenon analogous to the Eberhard effect has entered unequally 
for photographic and photo-visual magnitudes. Near the center 
the effect is progressive with distance and largeinamount. Beyond 
distance 2’ there appears to be little change in the average color- 
index, which presumably means that the cause of excessive redness 
is absent from that region, or is too feeble to be effective." 

The question naturally arises whether some systematic selec- 
tion of data has entered to produce this remarkable relation. 
Tested from various angles the answer is uniformly negative. To 
show the independence of magnitude and color-excess, Table XVI 
and Fig. 7 have been prepared. It should first be noted that there 
has been in Ludendorff’s catalogue (and therefore in the present 
one) an omission of the fainter stars in the center of the cluster, 
due probably to the hazy background. For the sake of homo- 
geneity, then, in discussions involving magnitudes a slightly 
brighter limit is generally chosen than the faintest possible magni- 
tude on the plate. 

Table XVI, covering the first six magnitude intervals defined 
in Table XIV, gives for each magnitude interval and for each double 
region the number of stars, the average color-index, the per- 
centage in each double region of all the stars of the magnitude 
interval, and the percentage in each magnitude interval of all the 
stars of the double region down to photo-visual magnitude 15.6. 
The last column contains the combined results for all the groups 
outside the zone of color-excess. Fig. 7, which represents the data 
for average colors in Table XVI, shows that the excess of color near 
the center of the cluster, illustrated for all the stars in Fig. 6, also 
affects each interval of magnitude separately. 

It is to be noted that there are very few small or negative color- 
indices among the stars near the center of the cluster, in fact, none 


* Other evidence of the absence of the effect in the outer regions is presented in 
Section IV, C. 
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of color-class 6 or a are among the 61 objects within 0/5 of the 
center. Further, the very large positive color-indices (most of the 
stars of class m) are to be found in this central region. The spectral 
work by Pease does not, however, indicate any condensation of 
intrinsically red stars in that locality, and serves to confirm the con- 
clusion expressed above that the presence of the m’s and absence of 
b’s from the central region is probably photographic in origin. A 
preliminary comparison of the spectral classifications of stars within 
distance 1/5 with the corresponding colors shows an excess of 
approximately +-o.6 mag. Between distances 1’o and 1/5 the 
average for five stars is +o.4 mag. The color-excess decreases 
on the average with distance, but for individual stars varies greatly, 
as might be expected whatever its cause. 

A certain number of the stars in the center of the cluster are 
there merely by projection. We should expect to find those in the 
outer regions on this side of the cluster, unaffected by the excess 
redness if it is to be interpreted as cluster absorption. The num- 
ber thus unaffected will depend on the law of distribution for differ- 
ent spectral types, as well as the law for the density of the supposed 
absorbing matter. A preliminary computation shows that the 
number of superposed blue stars will be very small for the region 
where the color-excess is most pronounced. 


IX. MAGNITUDE AND AVERAGE COLOR; BEARING ON THE ORDER 
OF STELLAR EVOLUTION 


A. Hardly less striking than the apparent absence of light- 
scattering in space is the unexpected relation brought to light by 
plotting magnitude against color for any or all of the regions in the 
cluster. From Table XI the data are collected for the summary in 
Table XVII, which gives for successive regions the average photo- 
visual magnitude for each color-class. The number of stars 
involved in each case is in parentheses following the mean magni- 
tude. (The last column of this table shows the central redness 
in a decisive manner.) 

The successive lines of Table XVII show that for every region 
the average magnitude is brighter for the redder color-classes than 
for the blue. Not only are the g, k, and m colors associated in 
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the mean with the brighter stars of the cluster, but the decrease 
of redness with decreasing brightness is distinctly progressive, 
in fact, nearly linear in all parts of the cluster. The same result is 


a 
Magnitude interval 


+1™60 


+o.40 


Fic. 8.—Decrease of color-index with decreasing brightness 


also plainly shown by the numbers in all divisions of the frequency 
table, No. XII, and by Table XVI. 

The phenomenon is illustrated graphically in Fig. 8, which 

is based upon material given in Table XVI. In that table 
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average color is tabulated for definite intervals of magnitude; 
Table XVII gives average magnitude for definite intervals 
(classes) of color. Both show that bright stars are red, faint 
stars are blue. 

B. Fig. 8 illustrates several properties of the cluster. Each 
curve represents the double region which is indicated by the 
accompanying value of the middle distance (see the column headings 
in Table XVI). 

1. That all the curves slope downward and to the right indi- 
cates that the color-magnitude relation is present throughout the 
whole cluster. 

2. That the slope of all the curves is comparable indicates that 
change of color with magnitude is similar in all regions. 

3. The separation of the curve for the center of the cluster 
(middle distance, 0/5) from the others indicates the presence 
- of central redness, and shows that it exists for all magnitudes. 
The smaller separation for the fainter magnitudes may indicate 
the increasing influence of stars. seen in the center only by 
projection. 

4. The close coincidence of the four lower curves indicates 
that outside the central sphere the cluster stars are thoroughly 
mixed with respect to color for all magnitudes; that is, in the outer 
regions there is little dependence of magnitude or color upon 
distance. The same conclusion is to be drawn from the percentages 
in Table XVI when allowance is made for the systematic absence 
of faint stars (therefore, of blue stars) from the center. 

5. The influence of the non-cluster stars on the mean color 
(already shown in Fig. 6) is probably indicated in the dotted line 
which represents regions [X and X. 

6. The minimum in three of the curves at 6, if real, indicates 
that between magnitudes 13.6 and 14. 2 the stars average bluer than 
would be expected from the course of the remainder of each curve. 

C. For open clusters such as Messier 67 and the Pleiades, and 
for the stars in the sky at large, the relation between apparent or 
absolute magnitude and color has been found always in the sense of 
increasing redness with decreasing brightness. It is not necessary 
to hasten the interpretation of the contrary result obtained for a 
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globular cluster. Verification for other clusters is an obvious 
desideratum, but preliminary work on other globular systems has 
already verified the result provisionally. All the available ma- 
terial will-be taken up indletail in the near future. For the present 
it will suffice to observe that we are now dealing with the three or 
four brightest magnitudes in a stellar system in which exists a 
range of absolute brightness of certainly more than 10 magnitudes. 
Doubtless we are discussing the giant stars and only the giants 
among a throng of hundreds of thousands. For the stars in the 
galactic system Russell has come to the tentative conclusion that 
the giants are of comparable absolute magnitude whatever their 
spectral type.t The present result suggests that in this globular 
cluster, at least, the giants are brightest when reddest. The 
relation between absolute brightness and color is therefore the 
inverse of that for dwarfs, where, without much doubt, the cooling 
stars are growing redder and smaller with age. 


X. MISCELLANEOUS STATISTICAL RESULTS 


A. Preliminary remarks.—The three results from the statistical 
examination that stand out as most definitely established have been 
treated separately in the preceding sections. A number of others 
are suggested, but for various reasons they can be treated to best 
advantage only provisionally in the present paper. A definitive 
discussion of some of them must await data from other clusters, 
and others demand more definite knowledge of the existence and 
amount of central redness. The present section gives first a solu- 
tion for the superposed non-cluster stars, and then discussions of the 
relations between magnitude and distance, star-density and dis- 
tance, and magnitude and star-numbers (luminosity-curves). 

B. The foreground stars —After determining the probable dis- 
tance of the Hercules cluster it does not seem appropriate to term 
as ‘‘background stars’”’ those members of the general population of 
the sky that happen to be in its direction. The chances are very 
great that any superposed stars are between us and the cluster. 
The actual sorting out of the non-cluster stars is probably impos- 
sible, but it is of some value to the statistical study to know about 


t Popular Astronomy, 22, 275, 1914. 
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how many extraneous objects are included in the catalogue. The 
number of foreground stars per square minute has been determined 
in three partially independent ways: (1) from counts made by the 
writer on the Franklin-Adams charts for several square degrees 
in the vicinity of the cluster; (2) from computations of the number 
brighter than the observed limiting magnitude expected at galactic 
latitude 40° (based on the tables given by Chapman and Melotte) ;' 
(3) from counts on Potsdam plates by Scheiner, who decided that 
27 non-cluster stars were probably included in his catalogue.’ 


TABLE XVIII 
DISTRIBUTION OF FOREGROUND STARS 


—— 
f 1 No. . 
Region a No Sores eune ou ane ns Density 
sq. min. 
le Pee opie meee 0.2 Ont 61 96.9 
NW Leste ies enh eee On7 0.3 165 75.0 
UT eae gare cess me 0.5 175 46.3 
UVic Feo eae ey 0.6 152 28.4 
Vigo se ewe ca DF: 0.8 119 72 
Nd Ie eee 2) 1.0 94 Tir 
Wall its caeeion e 6.9 2.6 112 Oye) 
VALET ye 5 oe 8.9 3.4 79 2.8 
Errore ayers 10.9 4.1 45 13 
TAO eSATA 13.6 Sea 20 0.7 


The resulting estimates of the number of stars per square minute 
are 0.10, 0.12, and 0.19, with weights 4, 4, and 1, respectively. 
Scheiner’s value is doubtless too large, for, underestimating the 
extent of the cluster, his counts probably include cluster stars. 
There is no evidence from the counts on the Franklin-Adams charts 
of a diminution of non-cluster stars in the vicinity of the cluster; 
moreover, such an effect is not expected. The adopted density of 
foreground stars is 0.12 per square minute. 

Table XVIII contains the probable distribution of superposed 
non-cluster stars in the successive annular regions defined in 
Table XIII. The numbers of foreground stars in the third column 
are found by multiplying the relative areas in the second by o. raz. 
The numbers of actual members of the cluster in the fourth column 

t Memoirs of the Royal Astronomical Society, 60, Part IV, 1914. 

2 Op. cit., p. 36. 
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are the differences between the values of the third column of this 
table and the last of Table XIII. A ninth of the catalogued stars 
beyond distance 5’ and a seventh of those beyond distance 6’ appar- 
ently are not members“of the cluster. The average numbers of 
actual cluster stars per square minute are given in the last column 
of Table XVIII. 

For the stars near the North Pole and in the field of S Cygni 
in the Milky Way the average color-index at the sixteenth photo- 
graphic magnitude is about +0.9, corresponding to color g3, and 
no small or negative indices are found. The foreground stars 


TABLE XIX 
PROBABLE NUMBERS OF FOREGROUND STARS IN EAcH CotLor-CLass 


Region if g k Total 


_ 

Ln | 
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NN HH NINH 
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ee) 
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superposed upon the Hercules cluster are not likely to be bluer than 
this on the average. Adopting +o.9 as the mean color-index, we 
can distribute the superposed stars of each region among the color- 
classes in such a manner that the average color approximates this 
mean value. The numbers of non-cluster stars for each region 
are then as given in Table XIX. None of the 18 foreground stars 
is assigned to color b, a, or m, and the average color class is g3. 
No differentiation of individual stars as cluster or non-cluster 
objects has been attempted, though such procedure might be 
possible, and, if proper motion determinations were more accurate, 
would also be of value in designating reference stars. 

The combined numbers of foreground and cluster stars in 
each region for each color are in parentheses in Table XVII. 

x Mt. Wilson Contr., No. 81; Astrophysical Journal, 39, 368, 1914. 
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Subtracting the numbers given in Table XIX we obtain the dis- 
tribution of actual cluster members, and these results, expressed as 
stellar densities, appear in Table XX. 

The average color-index of all stars in the four outer regions of 
the cluster, according to Table XI, is about +0.60. These four 
regions contain several foreground stars (Tables XVIII and XIX) 
which presumably have a greater color-index than this. It is 


TABLE XX 
NUMBER OF CLUSTER STARS PER SQUARE MINUTE 
Region b a ofa g k m All Colors 

ri ee 
h eRe Ny chee 0.0 0.0 14.3 25.4 rome 6 19.1 96.9 
tet eect 0.9 13.2 ial 28.6 14.1 Boy 75.0 
IMO REG sex mys aie ee DAS 8.7 19 20.1 TQ 0.3 46.3 
TVs Saye sees 2.8 5-4 9-5 9-9 0.6 0.2 28.4 
OOO ERIE boats Ane 2.0 5.4 5.5 0.4 0.0 7a 
VIL eae e nce ance Be) 1.4 Bei] 3.6 0.4 0.0 Diet 
NVA teeters Series 0.6 0.8 Do 1 ois 0.0 © (2) 5.2 
Vill 0.5 0.4 Let On7 o.1 0.0 Dif) 
Rak ee ee tees On One 0.5 0.5 0.0 0.0 Le 
EX Soret sere tert ene 0.1 o.1 One 0.2 0.0 0.0 On7, 
Mean density of 

whole cluster. . 2.6 Bal TANS 8.2 1.8 0.5 24.2 
Number of stars 

invclustersenn 113 153 321 349 AS 20 1031 
Number of fore- 

ground stars... ° ° 7 8 3 ° 18 


appropriate, therefore, to correct the average for the probably 
greater redness of the foreground. We obtain readily: 
Region VII, Observed av. C. I.=-+0.57, Corrected av. C. I.=+0.56 

“ VIII, “ “ “ — +o. oe “ “ “ — +o. 50 

“ IX, “ “ “ =-+0.62, “ “ (< =+0.58 

“ »¢, “ “ “ =+0.60, “ “ “ =+0.55 
For the inner regions the correction for the foreground is negligible. 
These revised values of the average color-index are plotted as crosses 
in the diagram showing change of observed color with distance, 
Fig. 6. 

C. Magnitude and distance from the center.—Because of uncer- 
tainty regarding the necessity and amount of the correction to 
magnitude demanded by the observed central redness, the relation 
of magnitude to distance from the center cannot be very definite. 
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Fig. 9 presents without correction the relevant data from the last 
column of Table XI. Within the two central regions there is a 
definite increase of average brightness. This is to be attributed 
almost wholly to the absence of faint stars from Ludendorff’s 
catalogue for the denser parts of the cluster. But when we take 
into account the probably progressive effect of color-excess, our 
tentative conclusion can well be that the brighter stars are slightly 
more concentrated toward the center than the fainter ones." 
That outside of the very center there is little or no dependence of 


° 2'o 4.0 6/0 8!0 


E325 


14.5 


Fic. 9.—Average magnitude and distance from center 


magnitude on distance is shown separately for all color-classes in 
the columns of Table XVII. 

D. Star-density for different colors—The distribution of stars 
is the chief subject considered in previous studies of clusters. It 
will not be advisable to press the investigation far in the present 
case for the same reason that the results of the preceding paragraph 
are tentative. Until we know definitely the relation of the Eberhard 
effect and similar phenomena to the magnitudes in the centers of 
condensed clusters all studies of density laws must be provisional 
or meaningless. 

The observed mean density (number of stars per square minute) 
for the ten annular regions is given in Table XX, for each class of 


1 Since bright stars average red, we may expect a slight fraction of the increase 
of redness toward the center to be attributable to this factor. 
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color and for all colors combined. The densities have been cor- 
rected for the foreground stars, assigning definite numbers to each 
color-class as described above.‘ The results for each color-class 
are shown diagrammatically in Fig. tro, 
while Fig. 11 gives the density for all colors, 
the lower part of this curve appearing also 
on an enlarged vertical scale (ordinates to 
right of diagram). The curves in both 
figures may be accepted as having some 
definite meaning up to about 2’ from the 
center of the cluster; within this distance 
they are affected both by anomalous color- 
excess and by discrimination against the 
faint stars in the center. But it must be 
remembered that in any case only stars 
of peculiarly high absolute brightness are 
" involved and that the data afford nothing 
explicit as to the distribution of the great 
mass of faint stars which chiefly form the 
£* \ cluster. 

x \ E. Luminosity-curves.—A plot of the 
frequency of absolute magnitudes has been 
defined as the luminosity-curve. In globu- 
lar clusters the apparent magnitudes, within 


Number of stars per square minute 


Io 


Fic. 10.—Density of stars in Messier 13 for different color-classes. Abscissae 
are distances from center. 


easily permissible error, are equivalent to absolute magnitudes plus 
aconstant.? In Messier 13, therefore, frequency-curves of apparent 
magnitudes for various colors should give us theoretically an 


* No correction has been made for eclipsed images. 
2 Cf. Section XIV. 
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appreciable part of the luminosity-curve for each class. Although 
all color-classes are represented with a total of more than a 
thousand stars, it happens that the luminosity-curves to be derived 
from Table XII are not very valuable, for we are evidently dealing 


Distance from center 


Number of stars per square minute 


Fic. 11.—Density of stars for all colors combined 


with only the giant stars. Probably for not a single color-class is 
a sufficiently extensive portion of the luminosity-curve available to 
be of permanent value. 

The frequency of magnitudes for color 6 is discussed further in 
Section XIII, but as to the rest of the data we will for the present 
only call attention to the numbers in Table XII, and reproduce 
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in Fig. 12 the luminosity-curves for the whole cluster and for the 
region outside 2’. The curves show the rate at which numbers are 
increasing toward the limit of the photo-visual plates and may help 
to indicate roughly the total number of stars. The small value 
for the last point on each curve has no significance other than that 
the stars between magnitudes 15.3 and 15.8 are not wholly in- 
cluded. 


Photo-visual magnitude 


200 


150 


I0o 


Number of stars 


5° 


Fic. 12.—Luminosity-curves for the whole cluster (full line) and for the outer 
regions alone. 


XI. ON THE FAINTER STARS IN THE CLUSTER 


A. The x-postscript stars.—The standard magnitude plates have 
yielded complete and reliable photo-visual values only as far as 
15.5. It is of obvious importance to extend the investigation to 
the fainter stars, but to do so by direct comparison with the Polar 
Standards is not expedient. Accordingly the scale was extended 
by the method of long and short exposures on the same plate. 
This method is not without its dangers, but in practice has been 
found reliable, at least over the one-magnitude interval involved 
in the present extrapolations. 

* Seares, Mt. Wilson Contr., No. 80; Astrophysical Journal, 39, 311, 1914. 
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Magnitudes and colors for 32 faint stars were thus determined 
from Plates 2072 and 2073, described in Table I. The results are 
given in Table XXI. The designation indicates that the object 
is in the immediate vicinity of the catalogued star bearing the 


TABLE XXI 
x-POSTSCRIPT STARS 
MAGNITUDE 
DESIGNATION cea en ei SEE EE Coror re oad 
Pg. Py 
58x 4’ 16.52 16.02 f2 +0.17 
WES L ce weak 255 16.55 15.47 BUS 1 stks atererevansycare 
ee. 3 ae 3.5 16.89 16.71 a4 SS og ttl 

Beton, cya Bay 16.55 16.08 f2 + .14 

BESS wear es 16.58 16.15 fi + .1I0 
iy Ene ae 3.5 16.80 16.34 f2 + .13 

Weise bass a5 16.93 16.75 a4 = 1 
Hates Ae 3 15.74 15.04 Ais ema Ry tetra Gots 
185x.. ES 16.45 15.97 Oe Sa ltrs eee Bee 

Des 2. 16.64 16.15 f2 + .16 
BABU em Siarcie 3 16.69 16.41 a7 = sos 

Vieim aintcner 3 16.69 16.34 ag = 02 

Boe tacos 3 17.28 16.75 We = .20 

AUS tears 3 17.09 16.69 fo + .07 
DAT ets « a5 17.05 16.79 a6 — OF, 

MN tersrtoeys 255 17.03 16.76 a7 — .06 
CNA Ain ne 3 16.39 16.15 a6 — .09 
AGAL a te 3 16.63 TO fo = OT] 

Yeo 3 16.66 16.15 We + .18 
IY Ae Soy eactenc B05 16.76 16.38 ag + .05 
GSAN Ey ate 4 16.80 16.54 a7 — .07 

Beano vate 4 16.92 16.69 a6 — .10 
(oy ies Ria ode 5 16.61 16.21 fo + .07 
FOC L meen 225 16.63 16.15 f2 + .16 
S250 vergatete ory 16.64 16.56 a2 ES 50 
QIOL ee ee 225 16.97 16.73 a6 — .09 
OF2E tone f 305 E7oLt 16.81 a8 03 
SAL reais 4 16.63 16.64 ao — .34 
OOLt ae ee 3 16.53 D572 BO" © Vinsatereo is eepenene 

sceteey Guat 3 16.41 16.02 fo + .06 
LOVED a ares 4 I7.02 TOm72 a7 Os 

Vie rneie whe 4 16.74 16.56 as — .15 


corresponding number; the positions are not more closely deter- 
mined. 

The ‘‘x-postscript stars” may be considered a fair sample of 
the stars between photo-visual magnitudes 16.0 and 16.8, outside 
the region of abnormal color.’ They are not a selected group, as 


t Within two minutes of the center the confusion of the two exposures was too 
great to permit definite measures on Plates 2072 and 2073. 
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the stars treated in the next part of this section appear to be.* 
From Table XXI we derive: 


Average color-index, +0.383=ag.6 


fj 2 stars 
Average photo-visual magnitude, 16.34 | 3 


Excluding 115%, Pv. mag.15.47, color-index +1.08: 


158% 15.04 +0.70 
185% L507 +0.48 
g61x 15.42 4-0: 01 
Mean of four L555 +0.77 


because they are all brighter than the sixteenth photo-visual 
magnitude, and also because the first two at least are not free from 
suspicion of variability since they are not visible on the isochromatic 
plate No. 1920, we have the following results, based upon more 
homogeneous data: 


Average color-index, +0.328+0.114 (av. dev.) =a8+3 


‘ : 8 st 
Average photo-visual magnitude, 16.540. 23 (av. dev.) mele tes 


The last column of Table XXI gives the individual deviations 
of the color-index from this mean for 28 stars. It is noteworthy 
that there is only one negative color-index; but this is probably a 
chance result, as allowance for but a small space absorption or 
color-excess would make the number of 6’s more than normal. It 
is more significant that of these 28 sixteenth-magnitude stars the 
reddest has color-index +0.53. One is led to inquire if there are 
no stars of this magnitude in the cluster with colors g or k. If 
such is the case, it is a very important result—one in perfect keep- 
ing with the results for the brighter stars discussed in Section IX 
and shown in Fig. 8. A further consideration of the question is 
desirable.” . 

«Tf any selection of the x-postscript stars exists, it is slightly in favor of redness; 


for the few “‘tf”’ stars, measured by chance in this indiscriminate choice, were excluded 
from Table XXI, and they are likely to be preferentially blue. 


7A continuous relative divergence between photographic and photo-visual 
magnitude scales of 25 per cent could take into account the observed decrease of 
color with decreasing brightness, if all stars in the cluster are of the same color-type. 
But we assume, of course, that the divergence is negligible and that the observed 
phenomenon is real. 


296 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 75 


Outside the region of color-excess no dependence of color or 
magnitude on distance was found for the main body of bright stars 
(Section IX, B). Similarly, for the x-postscript stars we have 
Table XXII, from which the four fifteenth-magnitude stars have 
been excluded. Again magnitude and color appear independent of 
distance. 

B. The parentheses stars ——All of the stars catalogued by 
Ludendorff that were too faint to be measured on the isochromatic 
plate No. 1920 were originally designated as “‘tf” stars. Later a 
number of the photo-visual magnitudes were determined from the 
long-exposure isochromatic plate; the results were placed in paren- 
theses in the catalogue, and the group designated as ‘‘parentheses”’ 


TABLE XXII 


x-PosTscRIPT STARS 


Mean Distance No. Stars ante Average Color 
2e5 5 16.48 a8 
3 8 16.34 ag 
2.53 8 16.49 hs) 
4+ 7 16.48 a7 
Wieatiernc ce 16.45 a8 


stars. The colors are based on the photographic plate No. 1921 and 
the photo-visual plate No. 2073, Plate 2072 being used in some 
cases to check the photographic values. A study of these data 
gives some interesting information relative to faint cluster stars, 
substantiating in part the results derived above for the x-postscript 
stars. 

A little consideration shows that the parentheses colors form a 
selected lot. They refer to stars visible on the Potsdam plate, but 
invisible on Plate 1920. Their photographic brightness, therefore, 
exceeds a certain lower limit, while the photo-visual brightness is 
less than a definite upper limit. These stars, then, are chosen for 
blueness, and cannot give a fair idea of all the stars in the magnitude 
interval covered; but they will be suitable to confirm the existence 
of the blue faint stars. 
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Collecting the data for the parentheses stars from the main 
catalogue of magnitudes,’ we find: 


Color-Indices 
Brighter than photo-visual magnitude 16.00...24 positive, 6 negative 
Fainter than photo-visual magnitude 16.00. ..14 positive, 27 negative 


Total &) iiuus capers ene ate eed amen nao 38 positive, 33 negative 
The average color-index of all is +0. 11. 


The average magnitudes and colors for intervals of distance 
from the center are shown in Table XXIII separately for the stars 


bi TABLE XXIII 
PARENTHESES STARS 
BRIGHTER THAN Pv. Mac. 16.0 FAINTER THAN Py. MAG. 16.0 
DISTANCE FROM 
CENTER 

No. Stars |Av. Pv. Mag.| Av. C. I. No. Stars |Av. Pv. Mag.| Av. C. I. 
SO MOn at ae 2 15.80 +o.14 4 16.24 +o. 24 
ZEO—2eO Meer 7 15.78 es 7 4 16.40 — eho 
BeO- se Oeern 5 15.81 ae eis 9 16.32 —! 353 
MOLES cio oe 8 sth ie Se! Syl 12 16.40 — .18 
CROs OMG E 3 ESai/ + .34 7 16.67 — .18 
ZOLOweancee 5 503 “Ome i 16.47 +o0.06 
All of cluster. 30 15.74 +0.39 41 16.42 —0.09 


brighter than and fainter than the sixteenth photo-visual magni- 
tude. Of the forty-one stars fainter than 16.0, only three? have 
color-indices in excess of half a magnitude (+0.82, +0.51, and 
+o.54), a result to be compared with that for the «x-postscript 
stars. The next to the last line of the table suggests that we may 
have picked up a foreground star or two (presumably red for 
magnitude 16), but beyond this there seems to be no dependence 
of magnitude or color-index on distance. 

In Table XXIV the parentheses stars are grouped according 
to photo-visual magnitude intervals. The progression of average 

« Six stars within 2’ of the center are included. 


? The large color shown in the first line of the division of fainter stars is due mainly 
to the exceptional color-index of +-0.82 for star No. 706. This star was remeasured 
and the color checked. On Plate 2072 the photographic magnitude is 17. 12, differing 
by only o.o1 mag. from the value on Plate 1g2r. 
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color, from f6 at 15.50 to b5 at 16.50, may be expected in part 
from the method of selection, but it is also evidence of the prob- 
ably inherent decrease of color-index with increase of magnitude, 
as noted above for the x-postscript stars. 


TABLE XXIV 
PARENTHESES STARS 
Limits of Pv. Mag. No. Stars {Average C.I.|| Limits of Pv. Mag. No. Stars |Average C. I. 
Pees SoESCAGc cae. 4 Ona TOn LO-LOm LO)enen 4 —0.08 
Te SO=ES OO sen ens 5 Se a TOE 20-1020 mae 8 + .09 
Te foes NS AOS aie 6 + .20 LOMSO—1LOe4G anaes 6 — 525 
HS SO—Es SOc es ce) 20 TORSO-LOu5O ane 8 = QP 
GOO ESe OO ea eke 6 se vt TOLOO—1O. 00 eee se 4 — lO 
POCOO— 102 O0.nue oe 4 +o.14 UO FOR UO) OP. os 5:0 7 —0.15 


C. The “tf” stars. —Sixty-four of the catalogued stars that were 
too faint for measurement on Plate 1920, not being measured on the 
long-exposure isochromatic plate, retain the designation of ‘“‘tf”’ 
stars. For them we know only a brighter limit to the photo-visual 
magnitudes, which must be fainter’ than the limit of Plate 1920 
and which are, therefore, bluer than a certain color defined by the 
difference between the observed photographic magnitude and the 
limit of the isochromatic plate. This limit varies, its change being 
directly related to the distance correction. It is easy to deduce 
the following average relations between distance from center and 
limit of readily measurable photo-visual magnitudes: 


Distance 0/0 to 2/0, Limit of Plate 1920, 15.75 mag. 


2.0 t0 4.0 i5n05 
4.0 to 6.0 15.50 
>6.0 15.40 


Table XXV summarizes all the available information relative 
to the “tf”? stars. The upper limit of color-index now depends on 
photographic magnitude and distance from the center. In the 
first line, for instance, the five stars with photographic magnitudes 
between 15.6 and 15.8 have, according to their distances, photo- 
visual magnitudes fainter than 15.73, so that on the average their 
color-indices are less than —o.0o4. They may be any amount 


1 Unless they are rapidly changing variables. 
2909 
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bluer than this limit so far as present data go; and even in the last 
line, where the stars may be as red as g5 (but no redder), the color- 
indices may be and quite likely are very small or negative. 


TABLE XXV 
Upper Liuwits oF Coror For “éf” STARS 
Mean Brighter oe 
Interval of Pg. Mag. Nee of Mean Pg. Mag. are + seige of aisle L 

DE ROOST Si 7 Oey eeraes 5 15.69 Us Ie O04) 
Fat MoXe anally (OY Yee Sues ee mr ionCLe 5 15.94 15.64 + .30 
WLS MOS MA 6 pcraaniadeacer 12 16.09 I5.70 + .390 
TOm20—LOP20 treks Ghemkere I5 16.24 15.66 aie oiske) 
TOMZ0—16- 405 Pans cisions I4 16.38 15.65 + .73 
TORS O=1 OOO mae tonite 13 16.74 15.63 + 1.01 


More than one-third of these 64 stars are necessarily bluer than 
f, and probably future investigation will show that most of the 
color-indices are very small, as found for the entirely analogous 
parentheses stars. 

D. Combining the results for the x-postscript stars, the paren- 
theses stars, and those regularly observed, we have a total of 592 
measured indices outside the 2’ zone of abnormal color. Of this 
number more than 20 per cent are negative, and for stars fainter 
than magnitude 15 the percentage is nearly doubled. It would 
be of much importance to know the relative percentages for still 
fainter magnitudes. From theoretical reasons one is led to believe 
that larger color-indices appear again for fainter stars, and that at 
magnitude 20 or 22 the frequency of colors may be much the same 
as at magnitude 13. This matter will be referred to again in a 
subsequent treatment of the faint stars. 


XII. VARIABLE STARS IN MESSIER 13 


A. New variables—Five variable stars have been found in the 
Hercules cluster during the course of the present study of magni- 
tudes. Prior to this two were known, the first discovered by 
Bailey at Harvard," and the second independently by Bailey and 
Barnard.* The periods of the two earlier variables are given by 

t Harvard Annals, 38, 2, 1902. 

2 Astrophysical Journal, 12, 182, 1900. 
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Barnard as 6.0 days for No. 1 and 5.10 days for No. 2. Ordi- 
narily they appear to be faint, evidently belonging to the Cepheid 
type. The range of variation is approximately one visual magni- 
tude. For the five new variables the periods are not known; indeed 
little is known of the light-variations beyond the fact that they 
appear definitely to exist. 


TABLE XXVI 
OBSERVATIONS ON VARIABLE STARS 


Number of Variable 
I 2 3 4 5 6 7 
Catalogue {Ludendorff..| 816 306 135 322 8068 | 872 344 
No. \Scheiner....| 630 216 islet Mleearaa ov 6288 | 667 245 
Distance from center....| 1/0 eat Dgfk TAs 10 2!0 Les 
Ludendorff magnitude... .| 13.9 Are 15.6 EY eNido ating f 1 0 14.9 
Photographic magnitudes 
PINTE HES 20 ee as eT 12.9 16.0 15.4 14.6 I4.0 14.8 
LeU R Suan AB Or They H20) I5.9 15.4 14.8 14.2 14.8 
ROOLM reenter TAN Soe 22050 | LOn LI LS Sou) 247 Aue Ae 4 alr OO) 
LO 2 Eee ee T4.OO) |) 13224-05210. 5) 5 200) emS set AL Os al L500 
DOG Dame t aay 13.8 2 15.7 I5.0 14.4 TS tr 
PG COS TENA 13.9 1iese 15.8 isl 7 Apa 14.7 
OE La eM PD Bono 13.4 lst 37) 15.4 15.8 14.2 Aer 
Photo-visual magnitudes 
PIAtE 3000 Gre ae pA HE GB Wad | oe AAAS | pear Rhy pee etal lois eo larG TU es eso 6 
EQ 2O un. es ates FASOON|NI2273 lelS atoms Omer Ans caletseSOn mid 5A) 
QOV SE ive ce tata I4.0 se a I4.9 T52 Ane, I4.1 14.6 
Color-Index 
| 2d eh wasn aop can tolo.o berg BuNAn| te eoYep Loyal be exo all eee ed ee seat toon nese hance aa-al eras 
TO 2010200 +0.81 |+0.51 |—0.08 |+0.60 |+0.96 |+0.25 |+0.62 
2072-20 7,3 an vane +o0.7 |+0.7 |+0.3 |+o0.5 |+o.8 |+0.3 |+0.5 


The magnitudes on the Mount Wilson plates? for all seven 
variables and other data relative to each star are given in Table 
XXVI. The Ludendorff magnitudes were obtained by reducing his 
estimates to the Mount Wilson scale by means of Table VIII. The 
evidence at the bottom of the table relative to changing color-index 
warrants serious consideration for Nos. 1 and 2 only. It should be 


1 For data relative to some of these stars see the “Notes to the Catalogue.” 

2 The relative values, therefore the evidence of variation, will be little changed by 
a revision of the magnitudes in the center; the absolute values for Nos. 1, 2, and 5 
may be slightly altered. 
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noted, however, that in every case the smallest color-index is asso- 
ciated with the brightest photographic magnitude. This suggests 
that all seven stars are very probably Cepheid variables. 

Nos. 4 and 7 do not show a marked change in brightness, but 
for both the reference stars are so conveniently arranged that small 
variations can be detected with certainty. No. 7 was originally 
suspected by Barnard. He also classed No. 3 as a yellow star, 
though its color-index is —o.08. This probably can be taken as 
a verification of the variability, for the two plates upon which 
Barnard’s color-estimate is based are not contemporary. 

B. Suspected variables—It seems very likely that a study of 
more plates would show other cases of variability among the 
fainter stars in the cluster. Those for which the light may be 
reasonably suspected of variation are probably included in the 
following groups:" 

1. Stars suspected by Barnard, but not confirmed on Mount 
Wilson plates. See the papers cited in Section II of the First 
Paper, and “‘ Notes to the Catalogue”’ relative to Stars 258 and 682. 
The former star has a color-index of +1.16, but is called blue by 
Barnard. It is probably variable in a long period. 

2. Stars too faint for measurement on the photographic plate 
No. 1921. These objects were apparently seen by Ludendorff on 
the best Potsdam plate for which the lower limit is about half a mag- 
nitude brighter than that of No. 1921. The magnitudes in paren- 
theses in the fourth column of the catalogue refer to the stars in 
question. 

3. Stars remeasured because of large residuals on Plates 1901 
and 1g21, and for which the residuals in the fifth column of the 
catalogue are still large. These remeasured stars are indicated by 
Note g in the last column of the catalogue. 

4. Stars for which both photographic and photo-visual residuals 
are large with deviations of the same sign for Plates 1900 and rgor. 
Such deviations indicate that on two different plates on the same 
night the magnitude was measured brighter (or fainter) than on 
the two plates of the following night. 

«Two or three of the notes referred to below have been omitted from Section V 
because the stars concerned are within the zone of color-excess. 
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5. Stars in Barnard’s yellow list that have small color-indices; 
stars in Barnard’s blue list that have large color-indices.* 

6. The list of nine stars given by Ludendorff? for which his 
magnitude estimates différ by a magnitude or more from Scheiner’s. 

7. Bright a-postscript stars outside of the central region, such 
as 401d, 666a, etc. 

8. The following stars, suspicion being based upon various 
grounds discussed in ‘‘ Notes to the Catalogue”: 426, 4638, 404, 
5166, 527, 730, 816a, 1133. 

Many of the stars in the above lists will not show variation, 
of course, but they should be considered first in any future survey 
for the purpose of detecting variables. 


XI. ON THE PROBABLE PARALLAX OF THE CLUSTER 


If, admitting a high degree of comparability between our 
galactic system and globular clusters, we assume that the brightest 
stars in Messier 13 have exactly the same absolute magnitude as 
the most luminous stars in our galactic system, we can compute the 
distance of the cluster as soon as we obtain the apparent magni- 
tudes of the brightest stars in both systems and an assurance of 
negligible space absorption. It would be better perhaps if we could 
assume equality of mean absolute magnitude for a number of stars 
of the same color-class in the two systems; or, if we could say, for 
instance, that the average B-type star has the same intrinsic 
luminosity wherever found. Then the determination of the distance 
of any cluster would await only measurements of magnitude. 

In actual practice the derivation of the parallax of the Hercules 
cluster has not been simple or definite. The subject has been 
approached from many angles and the basic assumptions have 
been rather carefully examined. The complete discussion of the 
methods and results is deferred to a later paper, and for the present 
only a tabular summary will be presented. 

The values in Table XXVII that are based on luminosity- 
curves fail of important weight because (1) of the provisional 
character of all theoretical luminosity-curves except for spectral 
Class B, (2) of the peculiar (perhaps chance) frequency of the 

t Astrophysical Journal, 40, 173, 1914. 2 OP. cit.; p. 50. 
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brighter magnitudes among the early b-type stars in the cluster,’ 
and (3) of the possible necessity of distinguishing sharply between 
dwarf and giant stars in deriving luminosity-curves. The deriva- 
tion of the parallax from the variable stars follows the method 
employed by Hertzsprung’ for the Small Magellanic Cloud. 


TABLE XXVII 


SUMMARY OF PARALLAX DETERMINATIONS FOR MESSIER 13 


Suggested 
Method Cy No. Stars Weight of Z 
TE rom varteble stars (ance aere te 0700008 2 4 
II. From Kapteyn’s luminosity-curves 
CAD — 0430) (Oj On-2O) ie ives . 000005 17 
a <== OMLO spent Alene tte . 000007 53 I 
‘ seine Ne iceca tet . 000009 23 
(Pv. mag. <15.30) 
oi) = OF 10 tOr— OF OD Sarai ane . 00003 33 2 
ALL colors ning Mecca alone inet n vaca 8 . 00005 495 
III. From Russell’s data for absolute 
magnitude: 
COL <= OUP Om aise ie eer ses . 00005 52 4 
AI colors iiss neauactimrnctense torte eaaeae ©.00010 495 I 
Provisionally adopted mean............. 0700003 


Incidental to the work on the Hercules cluster the following 
provisional parallaxes were obtained for similar objects: 
Small Magellanic Cloud =0”00006 


» Centauri =0.00027 
Messier 3 =0.0001 


XIV. ON THE PROBABLE DIMENSIONS IN THE HERCULES CLUSTER 


We conclude from the preceding considerations of the distance 
of the cluster that the parallax is certainly not.in excess of +0” 0001. 
It may be but a tenth of this value, and some of the evidence would 
suggest still greater distance; but a parallax less than +0”00001 
is hard to reconcile with the magnitudes of the variable stars, if they 
are to be considered normal Cepheids. The provisionally adopted 
parallax, +-000003, is, however, more likely to be too large than 

t See Section X, D. 

2 Astronomische Nachrichten, 196, 205, 1913. 
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too small. On the basis of this distance some computations rela- 
tive to the probable dimensions of the cluster are summarized below. 

The angular diameter of that part of the cluster measured for 
the catalogue is less than 16’. It is readily seen, however, from the 
long-exposure photographs, as well as from the table of densities 
(Table XX), that the cluster extends far beyond this limit. Von 
Zeipel states," on the basis of plates made especially for the pur- 
pose of fixing the limits, that the radius is not less than 17’. Accept- 
ing this result and the adopted value of the parallax, we find that the 
distance across the cluster is of the order of rroo light-years. To 
an observer on the nearer edge of the cluster a star on the opposite 
side would have a parallax of +-07003, and if intrinsically one 
hundred times brighter than our sun, would still be nearly two 
magnitudes below the limit of visibility to the naked eye. To an 
observer on the earth, however, the difference in the apparent 
magnitude of two such stars, one on the nearer, the other on the 
farther side of the cluster, would be only 0.02 mag., and the 
difference in parallax relatively negligible. 

At the distance corresponding to the adopted parallax, 100,000 
light-years, the sun would appear fainter than the twenty-second 
magnitude; stars of the absolute brightness of Sirius would 
be fainter than the eighteenth magnitude. The absolute visual 
magnitude of the brightest star in the cluster would be —5.7. 
Several stars in the galactic system? of this absolute brightness 
are already on record; and of the giants so far known there natu- 
rally must be a selection in favor of the nearer ones. We know, in 
general, only the fainter limit for the absolute brightness of many 
if not most of the galactic giants. For instance, a second-magnitude 
star with a parallax not greater than 07001 would have an abso- 
lute magnitude of —8 or brighter. Hence we could without seri- 
ously transgressing possibilities postulate absolute magnitudes of 
—io or brighter. Since any such stars in the cluster do not exceed 
apparent magnitude 12.0, their distance must be nearly eight times 


IO. cit., Dp. 4. 

2On fairly good evidence Walkey estimates the parallax of Canopus to be less 
than 0’007, and its absolute brightness, therefore, may be greater than represented 
by absolute magnitude —7 (Knowledge, 11, 288, 1914). 
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greater than assumed above (perhaps of the order derived from the 
luminosity-curves of the early b’s) and the dimensions in the cluster 
would be octupled. But retaining the adopted value of the paral- 
lax, it is important to note that all the stars considered in the cata- 
logues of Messier 13 have more than 200 times the solar brightness. 
In fact, probably no star as faint as the sun has yet been photo- 
graphed in this cluster. 

The long-exposure plates by Pease’ and by Ritchey? would 
indicate, on the basis of the assumed distance, that there are 
probably more than 50,000 cluster stars intrinsically brighter than 
the sun. If all stages of stellar development are represented 
in the clustér as we know them in our galactic system, we must 
believe that the total number of luminous stars is of the order of 
hundreds of thousands.’ 

The possibility of detecting relative proper motions in a system 
as distant as Messier 13 is very remote unless the observations 
extend over a great interval of time. Taking, for example, the 
upper limit of the parallax (+07’0001), a relative cross-velocity of 
50 km a second would correspond to an annual proper motion of 
only o’ootr. 

Taking into consideration the probable absolute magnitudes, 
the possibility of seeing nebulous matter in the cluster is similarly 
remote, unless the intrinsic brightness of such nebula is of a higher 
order than we believe such objects in our system to have. Nebu- 
lous material may be present, but to be visible in the greatest 
telescopes it must have an integrated brightness far in excess of the 
actual luminosity of Sirius. 

Unless the distance is much greater than can be admitted at 
present, the condensation of stars near the center, notwithstanding 
the enormous dimensions of the cluster, must be considerably greater 
than the condensation believed to prevail in our galactic system 
near the sun. Since there are approximately 240 cluster stars 
brighter than photo-visual magnitude 15.5 within a central sphere 

* “Annual Report of the Director of the Mount Wilson Solar Observatory,” Year 
Book of the Carnegie Institution of Washington, 13, 259, 1914. 

2 Ibid., 9, 166, 1910. 

3 Cf. references to von Zeipel’s work in Section I. 
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of which the radius is 1’, the average distance separating these 
bright stars is about eight light-years. A star’s nearer neighbors 
would appear brighter than Sirius appears to us. Multiply the 
distance and dimensions by eight, however, and there may be no 
more first-magnitude stars at any given point in the cluster than 
appear to us in our system. The number of faint stars in the 
central region is presumably very large, but we have no direct 
evidence that the increase in number with magnitude is the same 
there as for the outer parts. 

Assigning for illustration a diameter of 10,000 light-years to the 
galactic system, it would appear from the Hercules cluster to have 
an angular diameter of about 5°, perhaps comparing closely in 
general appearance with the Greater Magellanic Cloud as seen from 
the earth. Our system, to the observer in the cluster, would also 
resemble the Magellanic Clouds in the remarkable characteristic 
of being rich in variables. From the cluster the thousand or so 
brightest apparent magnitudes would be our stars of greatest actual 
light, and among them, as in globular clusters and in the Magellanic 
Clouds, there would be a remarkably high percentage of variable 
stars. All types would be present, moreover, for we know they are 
all of high intrinsic luminosity; but those most readily discovered, 
for obvious reasons, would be the short-period Cepheids, that is, the 
cluster-type variables. 


XV. SUGGESTIONS TOWARD SOME WORKING HYPOTHESES 


Upon the basis of the foregoing computations and from the 
results of preceding sections of this paper we are led, for the guid- 
ance of future work on magnitudes in clusters, to suggest some 
working hypotheses relative to the form, extent, and distance of 
stellar systems. The proposed hypotheses, which are in part only 
assembled here from earlier pages, will be modified, no doubt, as 
the work progresses; their purpose now is chiefly to represent col- 
lectively and briefly those ideas concerning general stellar problems 
that the present study suggests. 

The peculiar distribution of globular clusters and their great 
distances from the earth show that they do not form a part of the 
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galactic stellar system.t Each globular cluster is a complete and 
separate system by itself. Apparently none of them is very near, 
compared to the outer limits of the galaxy. The stars of a few 
southern clusters, particularly of w Centauri and 47 Tucanae, are 
brighter than those of Messier 13, and such systems may be much 
nearer than a hundred thousand light-years; but many clusters are 
considerably fainter and presumably more distant. In observing 
those similar to N.G.C. 4147 (if they are built on the same model 
as Messier 13) we may be seeing a million light-years into space. 
Our galactic system is distinctly out of the center of gravity of this 
higher order system of visible globular clusters. 

Until contrary evidence is brought forward we may assume that 
all open clusters are parts of the galactic system.? This is sug- 
gested by their galactic concentration, by their motions so far as 
now measured, by the number of stars they contain, and more 
directly by the evidence of their comparatively small distances 
shown in the magnitudes and colors of their component stars. 
These galactic sub-groups are often if not generally real physical 
systems. The Hyades at a greater distance would resemble one of 
the galactic clusters, but because of the relative paucity of mem- 
bers could never be comparable to Messier 13, as is sometimes sug- 
gested. 

Some of the globular clusters may be comparable to the galactic 
system in size, form, or at least in stellar constituency. For the 
Hercules cluster closely comparable dimensions cannot be claimed. 
A more appropriate comparison would be between our stellar sys- 
tem and the larger Magellanic Cloud. That the maximum radius 
of the Milky Way is probably not greater than ten thousand light- 
years and may be somewhat less has been deduced from many 
lines of evidence, the most important of which is the color of the 


* The asymmetric arrangement of globular clusters has led Bohlin to suppose that 
they form a system at the center of the galactic system and that the sun is eccentrically 
situated (Kungl. Svenska Vetenskapsakademiens Handlingar, 43, No. 10, 1909). The 
relative distances of clusters and galactic stars precludes the possibility of such an 
hypothesis. 


? The definite relationship of the planetary and extended nebulae to the galactic 
system has been recently established by Campbell and Moore, Proceedings of the 
National Academy of Sciences, 1, 498, 1915. 
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faint stars. The shortest radius of the system is variously esti- 
mated from one-half to one-sixth of the radius in the galactic plane. 

Have globular clusters such planes of symmetry? From super- 
ficial appearances a negative answer is expected. But on closer 
consideration we conclude that the evidence at present is entirely 
indecisive. The discussion of planes of symmetry in globular 
clusters involves at least three important factors—the degree, ori- 
entation, and nature of the supposed oblateness. (1) The ratio 
of the shortest diameter to the longest may be near unity, so that 
only refined study from any position in space (in or out of the 
cluster) would be able to detect the oblateness. (2) The cluster 
may be so oriented in space that whatever the ratio of its axes of 
symmetry the discovery of oblateness is impossible. (3) The abso- 
lutely brighter stars may not show the oblate form, the property 
of condensation toward a plane being confined to the fainter stars. 
This latter consideration is very relevant. In our system the 
naked-eye stars of the second spectral type show practically no 
galactic concentration.t. In globular clusters the brightest stars, 
which through their apparent arrangement have given the type- 
name to the systems, are those that are absolutely bright and red. 

Under the most favorable conditions of oblateness and orienta- 
tion, therefore, the analogy to the galactic system should make the 
elongated form apparent only for the faint starsin the cluster. The 
concentration may and probably does depend on spectral type as 
well as magnitude. The colors in the Hercules cluster have been 
examined for the purpose of testing possible oblate distribution of 
the blue stars, but no decisive result was obtained. The counts 
in other clusters have also as yet yielded no positive contribution to 
this matter, dealing as they mainly do with only the brightest 
stars. It should be noted, however, that a distinctly elongated or 
non-globular form has been noted for two or three of the brightest 
clusters where fainter stars are involved in the photographs, and 
counts have verified the superficial appearance of a plane of sym- 
metry in w Centauri. 


t These stars include absolutely bright and absolutely faint stars, both of which 
must be of sensibly globular distribution to avoid the necessity of assuming concen- 
tration of one or the other toward the galactic poles. 
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The conclusion is that globular clusters may very probably 
resemble our local stellar system in form, as well as in the properties 
of showing central condensation of stars, of containing all spectral 
types, including the giant red and yellow stars, and of having among 
their most luminous members a large quota of variables. 

The base line used in the present case for the measurement of the 
amount of light-scattering in space is a very long one; those previ- 
ously used have been relatively short. The hypothesis, based on 
the present result, that there is no appreciable space absorption is 
therefore fairly safe’ Since it is not certain as yet, however, 
whether or not molecular light-scattering exists in the central part 
of the cluster, we must make the reservation that there is a possi- 
bility of some measurable space absorption for lower galactic lati- 
tudes. And of course we may expect patches of absorbing material 
here and there in space, as, for example, Barnard’s dark nebulae in 
the Milky Way. In any case absorption should be treated as a 
varying quantity” depending on the condensation of light-scattering 
material, and not as a quantity that is constant whether in the 
densest part of our galactic system or in the starless realm without. 

The decision that molecular scattering of light is inappreciable in 
the direction of Messier 13 probably justifies the assumption that. 
general non-selective space absorption (obstruction) is also of small 
importance. It also permits safer sounding of the depths of the 

t The coefficient of absorption can scarcely be one-tenth the most recent previous 
values, even with very generous allowance for error. That being the case, the 
result is intimately related to the discussion of the time-honored problem of the 
finiteness of the stellar universe. By universe in this sense we mean the system that 
is formed by stars of the kind that surround the sun and appear to us in all parts of 
the sky. Either the extent of the star-populated space is finite, or “‘the heavens would 
be a blazing glory of light,” or there is an absorption of light in space, or there is a 
peculiar non-uniform distribution of stars and star-systems throughout space 
(Charlier), or, except in our immediate vicinity, the stars as light-giving bodies 
are dead or not yet born. The last two clauses are usually not included in the dis- 
cussion. Omit them. Then, since the heavens are not a blazing glory, and since 
space absorption is of little moment throughout the distances concerned in our galactic 
system, it follows that the defined stellar system is finite. There is nothing novel 
in this conclusion. It has been the prevailing one for a long time, and has been very 


easily derived by making the assumption, in spite of prevailing values of the coefficient, 
that space absorption is really negligible. 


? Seeliger has considered space absorption both as constant and as decreasing with 
distance (Sitzungsberichte der mathematisch-physikalischen Klasse der Kéniglich- 
Bayerschen Akademie der Wissenschaften, 1911, Heft II, p. 413). 
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Milky Way system in various directions, and, together with the 
absence of blue stars of fainter magnitudes, suggests that the limits 
have already been reached. There is a suggestion among the globu- 
lar clusters that the stars at great distances from the center are 
intrinsically fainter than the nearer ones, because of either greater 
age, or smaller mass, or dependence of spectrum on distance. If 
such a condition exists in our galactic system we can better interpret 
the color-distribution of faint stars. 


XVI. SUMMARY 


All of the observations and measurements connected with the 
investigation of Messier 13 have been made by the writer. A 
great deal of assistance has been given by Mrs. Shapley in making 
and checking computations, in forming and manipulating the 
card catalogues that were used in the statistical discussions, and in 
the preparation of the paper for the press. A summary of the 
methods and purposes of the study of cluster magnitudes appears 
at the end of the preceding paper of this series. Summaries of the 
probable errors and of considerations of the parallax have been 
given in Sections IV and XIII. A synopsis of the results for 
the whole of the present paper is contained in the following 
paragraphs. 

1. Former work on the Hercules cluster has been concerned 
chiefly with the measurement of positions, the observation of 
variables, and the theoretical discussion of the laws of stellar 
distribution. The present study involves the determination of 
star colors through the comparison of photographic and photo- 
visual magnitudes. 

2. Twelve plates, seven Seed “27” and five Cramer “Instan- 
taneous Iso,’’ made at the principal focus of the 60-inch reflector, 
were used for different phases of the work. The scales of magni- 
tudes were transferred directly from the North Pole to the 
cluster on all plates used as standards or as controls. More 
than ten thousand estimates and measures of magnitudes are 
involved. 

3. Small systematic errors related to distance correction, 
astigmatism, and length of exposure are found, but none is important 
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(see Section IV, A). The most serious difficulty involves the 
probable influence of the Eberhard effect, discussed in Sections 
IV, C, and VIII. The relative error in the zero points of the two 
magnitude scales does not exceed a few hundredths of a magni- 
tude, and no appreciable scale-divergence is found. 

4. The probable error of an average color-index is about six 
hundredths of a magnitude. This does not entirely include the 
systematic error allied to the color-excess in the center, but is valid 
for distance’greater than 2’. 

5. A catalogue of the photographic and photo-visual magnitudes 
of about 1300 stars has been prepared. Owing to the probable pres- 
ence of systematic error in the magnitudes in the denser central 
regions, the lists published in Sections V and XI contain only about 
650 stars; publication of the remainder awaits further investigation 
of suspected errors. Probably not more than 18 of the magnitudes 
refer to superposed non-cluster stars. 

6. Discarding incomplete or doubtful results, 1049 magnitudes 
and color-indices are available for statistical investigation, of which 
495 are outside the central region. The range of observed photo- 
visual magnitudes is from 11.9 to 16.8; but all of the stars are 
included only down to magnitude 15.5. 

7. Five new variable stars have been discovered, making a total 
of seven in the cluster. The periods are probably short, and 
there is evidence that all are bluer at maximum than at minimum, 
suggesting the Cepheid type of variation. The two previously 
known variables are almost certainly Cepheids. 

8. The values of the color-index in the cluster range from —o. 52 
to +1.96, with the greatest frequency about +o0.90. Excluding 
the zone within 2’ of the center, the upper limit is +1.45, with 
greatest frequency near +0.70. More than 17 per cent are nega- 
tive (outside distance 2’), and there appears to be no reason for 
attributing this result to error of any kind. 

9. The size and distribution of the color-indices are what 
might be expected on the basis of no selective scattering of light 
in space. At least the absorption in the direction of the Hercules 
cluster must be less than +-o.ooo1 mag. for each unit of distance 
(r=o'1). The values derived by Kapteyn, Jones, Van Rhyn, 
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and some others are impossible in this case, even with the most 
favorable assumptions as to the distance of the cluster. 

10. The average color-index at greater distances from the center 
than 2’ is +0.55, corresponding to spectrum F4. Toward the 
center of the cluster it increases to at least +1.3, and no negative 
values appear. The increase is present for all magnitudes (Figs. 6 
and 7) and is probably to be interpreted as a systematic photo- 
graphic error, perhaps the Eberhard effect. If the phenomenon 
is real, however, it would indicate an absorption within the cluster 
or a preferential concentration of red stars in that region. 

11. The possible existence of “cluster absorption” suggests 
that for lower galactic latitudes there may be a measurable amount 
of space absorption; observations are being made for the purpose 
of testing this hypothesis. 

12. The determination by Pease of spectra of individual stars 
in the cluster gives results confirmatory of the direct interpreta- 
tion of color-class as spectral type, and verifies the excess of color in 
the center. 

13. Of the four hundred faintest stars measured in the cluster, 
85 per cent are bluer than color-class go, which corresponds to 
solar spectral type; of the four hundred brightest stars 75 per cent 
are redder than go. An analogous result holds for the outer 
regions alone. 

14. The almost linear decrease of color-index with decreasing 
brightness is in evidence in all regions of the cluster (see Fig. 8). 
The phenomenon probably has an important significance in con- 
siderations of the order of development of giant stars. 

15. Between photo-visual magnitudes 16.0 and 16.8 only four 
out of the special list of a hundred faint stars have color-indices 
greater than half a magnitude, and none is found redder than the 
sun (Section XI). 

16. There is some evidence that the brighter stars are more 
strongly condensed in the center of the cluster than the faint ones; 
at least the average magnitude is brighter, even without allowing 
for the color-excess. Outside the central zone the cluster stars 
seem to be very thoroughly mixed with respect to magnitude and 
color. 
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17. The laws connecting star-density and distance cannot be 
determined until the phenomenon interpreted here as Eberhard 
effect (which also depends on distance from the center) has been 
thoroughly investigated; even neglecting this effect, the distribu- 
tion laws ordinarily derived must be recognized as applying to only 
that very small percentage of all the stars which is represented 
by those of exceptionally high intrinsic brightness. 

18. The probable distance of the Hercules cluster is estimated 
from considerations of its variable stars, its fragmentary luminosity- 
curves, and the average apparent brightness of certain color-groups. 
The parallax must be less than --o’ooo1 and is probably greater 
than +0”00001 (see Table X XVII). 

1g. At the provisionally adopted distance of a hundred thousand 
light-years, the cluster would be more than a thousand light-years 
in diameter. For a summary of further considerations of this 
nature see Section XIV. 

20. There seems to be reasonably clear evidence that this and 
similar globular clusters are very distant systems, distinct from 
our galaxy and perhaps not greatly unlike it in size and form 
(Section XV). The open clusters, on the other hand, seem to be 
relatively small parts of the local system; but further observation 
is necessary to make certain of this conclusion. 

To summarize in a single sentence the main results of the study 
of the Hercules cluster: Evidence is presented to show that in the 
direction of the cluster space absorption is entirely negligible, that 
over a range of three magnitudes at least the average color-index 
decreases with decreasing brightness, and that the distance of the 
cluster is so great that it and kindred objects should be considered 
as systems apart from our galaxy and of enormous dimensions. 


Mount WILson SOLAR OBSERVATORY 
August 1915 


314 


Contributions from the Mount Wilson Solar Observatory, No. 117 


STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 


THIRD PAPER: A CATALOGUE OF 311 STARS IN MESSIER 67 
By HARLOW SHAPLEY 


The open cluster Messier 67 was discovered about a century ago 
at Milan by Oriani.t The early observations consisted mainly of 
general descriptions of the group by Messier and Sir John Herschel, 
and later of notes relative to the number and distribution of its 
members by Smyth? and Fenet.3 More recently two photographic 
catalogues have been made of the positions of the individual stars, 
the first by Olsson at Stockholm in 1898,4 the second eight years 
later by Fagerholm at Upsala.s In the positions of the 118 stars 
common to the two catalogues various systematic differences 
appear, but regarding the evidence of motion during the interval of 
eight years, Fagerholm concludes: ‘‘Im Hinblick auf die vielen 
Ursachen, welche diese zufalligen Abweichungen zu vergréssern 
streben, begreift man also, dass sich reelle Eigenbewegungen nicht 
aus dem Vergleich zwischen meiner Ausmessung von Messier 67 und 
derjenigen Olssons bestimmen lassen. Hierzu ist eine genaue Aus- 
messung nach einer bedeutend langeren Zeit als das knappe Dezen- 
nium erforderlich. ... . _ 

In the catalogues of positions the magnitudes are determined 
only approximately. The values derived by Olsson, evidently 
depending on rough estimates, are systematically too bright by 
more than two magnitudes. Fagerholm’s magnitudes, on the other 
hand, are determined by careful measurements of diameters of 

t Messier 67=G.C. 1712=N.G.C. 2682=h 531; a=8445™8, 6=+12°11’, 1900.0; 
galactic longitude 183°, galactic latitude +34°. Position taken from Harvard Annals, 
60, 210, 1908. 

2 Celestial Cycle, p. 241. 

3 Bulletin de la Société Astronomique de France, 6, 145, 1892. 

4 Astronomiska Iakttagelser och Undersokningar anstilda pad Stockholms Observa- 
torium, 6, No. 4, 1898. Contains 148 stars. 

5 Dissertation, Upsala, 1906. Contains 295 stars. 6 Op. cit., p. 82. 
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stellar images; but they are based upon an extension of the visual 
scale of the Potsdam Durchmusterung and are systematically in 
error owing to the color of the stars. 

In the present catalogue photographic magnitudes are given for 
all objects listed by Fagerholm, and for a few others which are 
within the zone covered by him but are missing from his table. 
Photo-visual magnitudes are determined for all but four of the stars 
within distance 12’ of the center. After discarding a few question- 
able values a total of 232 color-indices is available for statistical 
discussion. ‘The observations used in the derivation of magnitudes 
are sufficiently described in Table I. Each plate involves a direct 
comparison with the Polar Standards. Because of uncertainty in 
the magnitudes of the brighter stars a larger number of isochromatic 
plates was made than usual. 


TABLE I 


List OF PLATES 


Plate Date, GMT. | Bigot | Apertures | prtesures | “of Each’ | Correction 
2217....|1914, Nov. 20.925 | Seed 27 60, 32 3 5m +oM16 
22S Ste 20.929 Iso 60, 32 3 5 + .09 
2210 ea 20.969 Iso 60, 32 3 5 + .1I 
22200... 20.960 | Seed 27 60 2 2 + .21 
2220)... 20.962 | Seed 27 Be 2 Z + .21 
2328....|1915, Mar. 16.637 Iso 60 8 5 =} SEE 
POX \ on ¢ 16.640 | Seed 27 60 3 I Se een! 
22305 Ne 16.662 Iso 60 3 B + .I1 
DPE Gd.c Apr. 16.786 Iso 32 3 15 .00 
24440... June 6.679 Iso 60 2 3 — .09 
2444)... 6.683 Iso 60 2 5 OnE? 


The average errors are considered in some detail for representa- 
tive groups of stars in Tables II and III for photographic and 
photo-visual magnitudes, respectively. The residuals are given in 
hundredths of a magnitude. For Plates 2217 and 2220a the appre- 
ciable systematic deviations, probably to a large degree due to the 
size and uncertainty of the extinction corrections, are applied to 
the individual magnitudes in computing residuals, and these cor- 
rected values in parentheses are employed in deriving average 
deviations. Such corrections are not made for the photo-visual 
magnitudes, and the relatively larger average deviations in Table III 
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are to be ascribed in part to the inclusion of the systematic errors of 
individual plates in the final results. The errors for Messier 67 are 


TABLE II 


PHOTOGRAPHIC RESIDUALS 


Residuals 

Star pe tt. 
2217 22200 22205 2329 
SA betes 12.14 — 1(4+ 6) — 4 (—11) + 8 — 2 
QOekoecae I2.04 — 5(+ 2) +19 (+12) —10 —4 
GOB SEs cas 13.42 + 3 (+10) +15 (+ 8) —9 -— 7 
OLSee eee: 13.67 + 1 (+ 8) —13 (—20) —7 +18 
OA eres 13.62 —17 (—10) +18 (+11) + 5 — 4 
Ose ere 13.48 == 3 (oA) “6 (= 4) +2 — 5 
ORS rake oy 13.49 — 7 0) + 8(+ 1) +12 —12 
TOD eer 13.50 —i10(— 3) + 4(— 3) +10 — 6 
FOR eae 12.70 —13 (— 6) + 2(— 5) + 6 +47 
LOR erator 12-53 — 6(4 1) + 7( o) — 5 +5 
TOO spor see ts 13.95 —15 (— 8) +24 (+17) ° —I0 
LO ee eer ia 14.58 —12(— 5) +14 (4+ 7) -—7 + 4 
TOS Se eee 11.68 —7 ° +20 (+13) —20 +7 
Tate ta See 13.58 —20 (—12) — 4 (-11) + 2 +22 
07 RRS earse 13.77 35 (15) gaa) 5 + 8 
A See 13.47 See ae Sie ee +14 =5 
48 ps eece ete 13.00 —24 (—17) +27 (+20) —16 1-53 
5 8 Pere Ce 13.61 —18 (—11) + 4(— 3) +7 +09 
TO nees ee 1355 — 1(+ 6) — 1(— 8) +13 —9 
DS EM ret os I2ROs — 2(+ 5) — 3 (—10) + 3 +1 
Gee £2530 +10 (+17) — 4(-—11) — 1 — 6 
te See 14.00 — 9(— 2) +22 (+15) —15 +1 
TAT eee 12.13 — 3(+ 4) — 9g (—16) + 6 +5 
RAS creer n ae 12.86 — 5 (+ 2) +20 (+13) -— 7 — 6 
LA Gem eici-roee 13.74 —12(— 5) +23 (+16) —14 + 3 
Res 13.45 — s (+ 2) + 6(— 1) +13 —13 
me ned eee ae 12.08 + 5 (+12) —13 (—20) +7 + 2 
Ds Sheen eee 11.80 —10 (— 3) +r (+14) —I5 +4 
E55 - eee nes 11.42 beat Go ea) =n 5 (32) 3 a0 
EOCs hee pens See Eis + 5 (+12) — 3(—I0) + 1 —4 
Systematic deviation....) — 7( 0 + 7(°* © —o +o 
Average deviation ...... (76) (+10) a5 3 a5 iy 


larger than those for Messier 13,’ owing chiefly to the average 
brighter magnitude and consequent difficulty of measurement. No 
evidence of progression of error with distance from the center is 


I Mt. Wilson Contr., No. 116. 
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apparent, and, in fact, since the cluster is not strongly condensed 
toward the center, the Eberhard effect or any analogous disturbance 
would be unexpected. The scales of the different plates deviate but 
slightly from each other, but it was found advisable to derive no 


TABLE III 


PHOTO-VISUAL RESIDUALS 


Residuals 
Star Py Nag. 
2218 2219 2328 2330 2366 24440 24440 

RoBi all Hees —II — 6 Sa Goes ae CA eee 1-1: | Farceletyetare |atnere iets 
70...} 11.68% — 8 —I10 mL TOM Nace cee Po Syl eevee cuemansill ated ee eee 
Ore ELOEZS cal Sp ees ee ert Bene eich —12 —13 +12 +14 
SAeE rIMELOnSS +10 inca’ Se eT otra Wicoeie Bere —22 + 6 +5 
Gomer mL ies + 7 Fee Viet tae —2I — 5 ° +9 
aber eee Bn chalcites —7 + 2 aA | Neate a Siete: 5|| oeolere cor siarel | omer aene eer 
QS aoe ree STG ere —I10 — 5 Baek Wn (Arron ol Sere eine +11 
LOOE Ee Le 2d nl ces acer = Ou erate =f-E Bis | liavedene Seasel| aas'een cence | susnenee nee 
TO 2 yall Osa Aeal|s cheers Tae ens ee == EO) "| euereeuetaye + 1 +14 
104 IL.35 —17 +9 SET 7 Al ocrteys tees —=I0 + 7 —4 
105 10.38 2?) AEN Gececteharel learners SANS. —Or +13 + 1 
106 T2213 ouel panini + 1 + 4 FAL) le-etend ct suns |leneue eens ake | Ses harem 
108 9.90 eC Mall eEereist lncdic acts — 5 —16 ° +7 
III D2 OU soilice earner —9 7 a eig) as! Ou hiss. reveetomesshs'| abeitenstcfeteyes |r ntaeee aie 
117 T2104 Seley reetas aS se Lte) =D lta ahera terete atguetons bate feransreust cess 
124 T2525 —12 —I0 + 4 + 1 + 8 + 8 + 4 
127 D272 lace —12 + 5 =p GN sas gesh oe tena | anaye wea o¥® |leteteuseed aatae 
134 12.34 a BE —14 >i ae == ET. © Il sWsteaste: eared teuspsyneke are 
I4I 10.45 FT Le. Woe eee seas xeticrc —10 —7 + 8 ARS 
143 II.63 ee eee PUL phatase ashton +10 — 8 
145 OTOP RS Metis ner oe — 6 5 PE BOS dl stare satenaste loka hace llaeckersecetae 
149 E27 OOM arama ae SiN —1I2 =O asl cate eee Sait Spa 
153 II.50 — 6 ° 7 —35 Sacto TOs cane alowea conc 
155 10.46 aps ledasoadsalon acs Sec —13 itis ap => 
170 9.85 mptto ao cee Someaneaiiae Ss bed om ao — 4: anh 
Systematic 

deviation.....| -+ 3 — 5 +5 —5 le — 6 + 6 ap & 
Average 

deviation.....} +11 + 8 + 8 + 9 +11 + 6 + 8 


results for the brightest or faintest stars on certain isochromatic 
plates because of the uncertainty at one or the other end of the 
curve of scale-reading against magnitude. 
The mean magnitudes derived from all plates are given in 
Table IV. The number of the star in the first column is that 
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TABLE IV 
CATALOGUE OF MAGNITUDES IN MESSIER 67 

No. Dist. |Pg. Mag.|Pv. Mag.|Color-Index No. Dist. |Pg. Mag.|Pv. Mag.|Color-Index 
tix. 16 PAI mcrancalneerre ct 40. 9 13.43 | 12.99 | +0.44 
a 15 TA TOSS bee tonorre | amas cores Ave 14 12.44 | 11.48 | +0.96 
an 13 TS ESOT | eke cara | rr vice 48.. 7 13.55 | 12.66 | +0.89 
Aver 14 MMOL UN. Ramco ail mare cura 49.. II 13.47 | 12.58 | +0.89 
Bias £2 TACO 's |e A eee terrors 50. 9 13.95 | 13.21 | +0.74 
On II ESR Aa | Acewys oalleoorosie ee. Gute 6 13.34 | 12.68 | +0.66 
Gisre 13 PATA M| Serres | lorie ees P25 6 TAD 5e ahs 250i eteOnOO: 
oa. I2 PQA OI eerears al htocrn ere 53h 6 MEIC | Le ie || Sao) Gel 
Cue 14 LI. a ob fl Parr ere ts, AB re vite a 13.46 | 12.66 | +0.80 
FOL. 15 PS ENS oth eran ener eee Oba 7 12.08 | I1.55 | +-0.53 
Ltn I2 14.38 | 13.41 | -+0.97 One 10 peso |) age eG) || (oy, yl 
coe. 12 1 ot MHS aos Cea PC el Spo. 17 PASAT A eiccar ay fil te eee eee 
13. Ir AG, ba yall va geal ee fore te Goa 6 14.54 | 13.69 | +0.85 
Tae. ate) 14.521 | 13.76 |.+4-0.76 SOM: 7 14.33 | 13.43 | +-0.90 
15 Be) LAT IO Wet Se AT) On 75 60 15 US P50 cl peesy. coun evens eeeersre 
Ome Be) TEL OM ley OLN ONT 7 61 6 TA AUD acts 5, shee teil egaee eee 
na A II 14.72 | 13.75 | +-0.07 62. 5 14.32 | 13.30 | +1.02 
rose I5 ney he eich ctl Parc tains oak 63. 6 1307) | 135040 -0103 
TOsn TELE T4204) |) 23.70 | 4-07 08 64. 7 L4v72> | 134773|| 120-05 
BO 9 ieetetors || ateracsxoylll Sin. 1h 65 7 123 7a eer O Sala Oms2 
21 15 EARTO- | or cevepgelece ace ee 66.. 6 14.54 | 13.50 | +1.04 
22a 12 ES 4OU|aee crease aces peers Ov: 14 TART 7: || ceccne teel| eorrorcoeee 
PEN. 3 9 13.36 | 12.41 | +0.905 68 13 TAL AD | eracee al cement 
Py Nee 8 13.97 | 13.03 | +0.94 69. 13 TARIO. | Pier en alc aeons 
Pang 12 PAT 28 ltteer hecerarewn cee 70. 5 12.40 | 11.68 | +0.72 
20m II TAS ZO sl peril a eae Vise 5 14.20 | 13.31 | +0.80 
27... 9 | 14.25 | 13.31 | +0.94 || 72 5 133.74 || £2539 | 50235 
Zo Tae EEO) || te GO || Saad dy) 73 5 14.40 | 13.48 | +0.92 
20 ae 9 14.00 | 13.24 | +0.76 74 15 TACAS tects ace lles aca oneneerene 
BOn. 9 12.84 | 12.00 | +0.84 75 5 I4.14.| 23.20) | =-0.94 
Bie 9 13-05 | 23.43 || +0752 Oar 4 | 14.70 | 13.81 | --0.89 
32m 15 ES OO Weis Serenlenoe ere. Whee 4 T4200) |eset2) |e TROn 
Baur 8 14.67 | 13:90 | +0.77 78a II 14.10 | 13.29 | +0.81 
aan. 13 EQ OTS |e pte aictel lente pe 786. II 14.45 | 13.65 | +0.80 
35a ma AHO arava regrecailt ete lortab Ome 8 13.44 | 12.64 | +0.80 
BO. Io IGROSE Ise TOME ZOUOS 80 4 14.38 | 13.45 | +0.93 
Coie 8 Tomo GML 7 2 acta Terks 81. 5 LO}. 3On |eLOn2 ou lato. LO 
B55. I5 TAS 7O Nas arava leenttersies 82. 4 147000 | 13250 ea rars 
80a. Io sie LOE) Wy avesaroley || ca Coersyy/ 83. 4 14.02 | j12.98 | --1.04 
4o.. 7 14.46 | 13.36 | --1.10 84 5 12,14 |) 10755 |) +-1.59 
Tarn) Xt 13.4 TaLO M0435 ite, ou 4 TW GY) |) eh || Grane) 
ee 7 ae 13.21 | --0.90 86... 4 D4 O40 |r3e28 | |2-- i360 
Aseria i 14.09 | 13.26 | +0.83 Sige 4 TL way. || Tee AS}. | Lo) @)ir 
AW, os Sey “BED T3205) eesti et-O. 88... 4 TAP || WO || Spey 
ASinstata|e a2 TAS OP a aramrets|\hersmereel eras Smee 4 14.26 | 13.10 | +1.16 
ee eee ee eee ee oe ee ee ae 
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TABLE IV—Continued 
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.|Pv. Mag.|Color-Index 


No. 


iets 
12. 
1D, 
18 
12) 


1G 
fie 
Ez) 
Tye 


12). 


2p 
13. 


Tg2ce 
Tagen 
T3405 
OT 
BO, & 


T37e: 
137d. 
1370. 
1BeY ey, 
130). 


139d. 
I40.. 
TAbee 
Agee 


TA3br 


143d. 
1430. 
I44.. 
I45.. 
1460. 


1468. 
TAT 
148.. 
TAQL: 
TSOn, 


P5t.. 
TSA 
TASER 
I54.. 
TRE 


vip 
I57@ 
158. 


eTSOn- 


TS Oun 


160.. 
ROWS. 
162.. 
163.. 
164.. 


165.. 
166.. 
LO 
168.. 


169 


Pg. Mag.|/Pv. Mag.|Color-Index 


Dist 
4 TZ Ooms Le 
9 14.28 | 13.40 
3 | 13.35 | 12.34 
3 ites Nl Seige tis 
4 12.30 | 11.43 
3 14.71 | 13.79 
3 14.04 | 13.11 
3 £5 ,O0nheEs OS 
bie) 14.16 | 13.36 
Il TAA gn 7O 
II 14.58 | 13.89 
2 14.00 | 13.04 
I E270 3'a\ LO. 45 
5 14.68 | 13.96 
I 12.86 | 11.63 
I 13.98 | 13.06 
I 13.48 | 12.82 
2 TZ7OL |) 12.86 
I GE Ah HOE 
2 T4430 ose 30 
2 14.46 | 13.25 
I TAOS EZEO? 
4 | 13.93 | 13.05 
I 13.45) |, 12.70 
I 14.08 | 13.03 
5 12.08 | 10.62 
I 14.16 | 13.26 
5 TOO) LE5O 
Io 14. 104| 53240 
° II.42 | 10.46 
3 EUeASg ele aro 
5 rgedkey ||) Wag 
Ay | T4208 marge 7, 
16 1257 3al 24 Sis 
7 Tae Osuillmne ek? 
15 Ugsetets) Mle ng0.6 oo 
I TSEAO MeL 7 
4 ee 12:77 
3 13.44 | 12.68 
2 12.06 | 10.75 
6 TORO Tell 
3 14.00 | 12.79 
site) TUNE Loa cies on 
3 13-93 | 13.03 
3 TAL OS LonSS 


+o. 
+o. 
+1. 
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TABLE IV—Continued 


ee 
TSOm5. 


ESESe 


185... 


185a. 


TSO ee. 
Oy fate 


1882... 


189 


TOOL. 
iON OE 
T9252 


KOS aoe 
TOA soe 
TOs ss. 
LOO 


TOV 


TOSi. 
EOO Ss: 
BOOMs 
ZOU: 
202 eer 


2O35m 
204... 
20S Aas 
ZOO 
207 nee 


208... 
ZOO ors 
210... 
iii era 
2 ere 


Dist. |Pg. Mag.|Pv. Mag. Color-Index No. Dist. |Pg. Mag.|Pv. Mag.| Color-Index 
2 1r.76 | 9.85 | +1.01 Phe 3 4 14.40 | 13.48 | +0.92 
5 13.81 | 12.93 | +0.88 Dive. 3 14.46 | 13.58 | +0.88 

I4 TSCAON | wen k oe nee eon TAT 7 13.40 | 12.70 |- +0.70 
I TRcShe| Len2O" |) =a 35 200m 6 135371 peenOOn| a= -On7i7 
I 13-07) | £3505) | -+-0702 OR fi 5 12.67 | 11.43 | +1.24 
I 13.46 | 12.68 | +0.78 2170. 4 13.43 | 12.15 | +1.28 
5 14.20 | 13.44 | +0.76 Dose & 4 Tee 24uelt Omen TES Al 
2 13.42 | 12.72 | +0.70 Bie) 4 13.40 | 12.60 | +0.80 
5 13.85 | 12:92 | --0.93 22005 || 12 ne Cl se] Weber neste] Peeedte-o Grokiic 
3 14.76 | 13.64 | +1.12 2 Oi ae 4 13.28 | 12.56 ; +0.72 
7 14.05 | 13.45 | +0.60 222)a\ ats EA 4 27a tar soevesl| cetandete Pee 
2 13.38 | 12.62 | +0.76 2230 9 Ir.96 | 10.74 | +1.22 
2 13.84 | 12.84 | +1.00 OT Ne 6 Tle || anit aie || Sika Zl 
2 13.42 | 12.74 | +0.68 Doce 5 13.81 | 12.94 | --o.87 
1g) TA COO I exeterae; kil cena nert 22008 5 13.82 125725 -1-0.09 
Z £2020 t2e20s | --O2775 DOP 5 TAMOS Mtoe 2a |e de 
it 11.84 | 11.28 | +0.56 223nn 8 13.84 | 12.90 | +0.94 
2 13-00 | 12.68: || 4-0,02 220K 6 14.01 | 13.01 | +1.00 
II 14.46 | 13.75 | t+o.71 2200. 6 13.42 | 12.78 | +0.64 
14.06 | 12.99 |] + 1.07 230—| | LO 13-95, |) 3.22 |) --On74 
3 14.31 | 13.41 | +0.90 BEET so 5 13.10 | 12.61 | +1.40 
2 £3.05. | 12.74 |--o.01 EN at 14.18 | 13.41 | +0.77 
3 EL. OL) LE-t9)| -|-O142 DE 6 - 7 14.03 | 13.08 | +0.95 
II £9 O00 12.00) |2+4-0.0 DNevhs o|| — 1G T2529: cllad yavstlqeremie ce 
10 132A) £2077 |) --0203 235 5 14.00 | 13.01 | +0.99 
5 To Su etee2 7 le peoy 220—n 6 13.40 | 12.35 | +1.05 
2 T4309) 13-301) 1-8 237 LO TARO5 | L2, 7Ou|ea tne 5 
2 13.77 | 12.68 | +1.09 220 5 I1.54 | 11.19 | +0.35 
9 14.52 | 13.83 | +0.69 ROO. 8 14.62 | 13.73 | +0.89 
Io E440, |S 2025| §--Or75 DAC wren G7 TS AOA ciaees orem ceeetna ters 
15 TAA ae | ere ieacree™| | eyes eee one 241.. 6 13.44 | 12.68 | +0.76 
7 13.50 | 13.03 | --o.47 2A2.. 7 OnZOn eos O3 cect L 27 
II II.96 | 11.03 | +0.93 DYE 6 13.42 | 12.66 | +0.76 
3 TAL OV MLS 95 one OO 244.. 6 12.12 | 11.03 | +1.09 
B 13.42 | 12.66 | +0.76 2450. 7 14.05 | 13.18 | +0.87 
13 lee taloton | Aveo ceeae ty lo eene ook 2458. 7) 14.20 | 13.40 | +0.80 

7 TAMA Oibl eae ot ote ill trcwete acess We. al) 327) 35 On leererecrorel| een vices 
4 TASS gels dle leo he Ok 2A ier LA TSsQOm|). teresa ecewencaeacneas 

II Eh Tle L20S Nea OnOO 248..| If 136420) D224 5 POS 

12 TZEOO: Mor rnenwnees [vece ies ers ZAOne | 7, TA BOSE cancepanctters!| eetarcsenetses 
a EAT AO ewes wera eanaiacet 250i L3 W307) aenercnes ee li teseeee era 
3 145 444|)13.35, || 4-25.00 2517, 14 LAS s7 Sal inset aetna | cecnea iets: 
3 UBER, || ee BOP | GeO 2527, DZ TAO cette aeeheves| let ah cwabayseecets 
5 TAPA2 Wns keen, OL Aer ol) 1 TAR AO eet evess ol shorter 

14 DA SOU lan wrciapare|| tears Wala 25 Ape eo 13.93 | 13.24 | +0.69 
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TABLE IV—Continued 

No. Dist. |Pg. Mag.|Pv. Mag.|Color-Index No. Dist. |Pg. Mag.|Pv. Mag.| Color-Index 
255.02) 7) |. 2324Or) t2560)) --0.74 280 12 | 11.25 | 11.06 | +0.19 
Xue wer I MeN Sinicy colt. coco ba me 281 II 13.75 | 12.93 | +0.82 
Mis aall Sain T2932 1004") 1-008 282 12 14.15 | 13.23 | +0.92 
258,..:l¢ I1,. | 14-65 || 13.83 | 770.82 DS ee Pee Oa a Oe Te ea ar Ag ek 
259... 7 | 14.60 | 13.70 | +0.90 284. TA, 844 230m | ee eee irs eee 
260...{ 15 | 14.73 [--ce-eefee eee eees Rees Deelah eae dalla don cicot 
PONS Bic 8 IL.17 | 10.74 | -+0.43 286. 13 12.11 | 10.74 | +1.37 
202,.- 7 £4.02 |-12,70 | 41-1232 287. I4 TP 5 Si] ated Acta le ener 
263... 7 14.50 | 13.70 | +o0.80 288. 17 T3000 ota oe ael later aeiete 
204 Ane TAA | cota sons| eee aieiarerees 289. 14 13093; 8 oat ene 
265... 8 }-13.10 | 12.46 | +o.64 290 TAP T4745) il lacts tae leo ey ee 
266...| 10 Pare 10.68 | +1.02 as TOs STR VOL ergata erp aoe ern 
267...| 9 | 13-43 | 12.68 |»+0.75 || 292 47.0 ra Fone ee 
268... 9 14.14 | 13.12 | +1.02 293. 16 IME Ibo occ c\lanogoaoo: 
269...) 9 | 13.74 | 13-05 | 10.69 204. D7 TABS cahcrcn orate les eonorensmeneys 
27 Ouran 13 EA CSO iene e's. ehh oat we aneter stm 205. 17 TA D7 ACE Lats eeioen terete 
Pfs, o AP EB TSA Bal Ge anacens (ell are tances ence 
CL PISA eile Nome lon Ge. colle swig ac err 
oi px eal py A BOT te ee Goclonga rod 
2 7A LO 14.14 | 13.16 | +0.098 
Ss mail| Ae) T4.02 | 13.10 | --0.92 
HO Sol) ste T4351) 13205 | 1-0, 73 
ices Pete iit WIP IG Une dl Bine.c act on 
Nk siarve|) 210 14.0% | 13.46 | -+-0-55 
27 Oar lene T4ANOSa IZeO7 ele -On7 oO 

Notes TO THE CATALOGUE 
Star 
21 and 22. Plotted erroneously on Fagerholm’s chart. 
goa and go8. Components so close that measures are somewhat uncertain. 
92a=Olsson 53. Not seen by Fagerholm. No other indication of variability. 


assigned by Fagerholm and progresses with right ascension. 


116. 


T55 
217a=Olsson 94. 
229a= Olsson tos. 
242. 
240. 
248. 


Owing to an error in the reductions this star is plotted incorrectly 
on Fagerholm’s chart and an erroneous position is given in his final 
catalogue. The declination for 1906.0 should read +12° 12’ 24” 
instead of +12° 7’ 6”. 

There is some indication that this star is variable. 

Not seen by Fagerholm. No other indication of variability. 

Not seen by Fagerholm. No other indication of variability. 

Too bright for accurate measurement on most of the plates. 
Plotted erroneously on Fagerholm’s chart. 

This may be a variable star. 


The 


postscript letters a, 6, a, 8, are employed in the way described in 


Mt. Wilson Conir., No. 116, p. 23. 


The distances from the center 
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of the cluster are counted from star No. 155 as origin.t Following 
Table IV are a few notes relative to individual stars and to the 
errors in the catalogue apd chart printed by Fagerholm. 

In the notes to the catalogue, three of the postscript stars are 
identified with objects observed by Olsson. For the 18 others, 
positions sufficiently approximate to enable ready identification ate 
given in Table V. The co-ordinates were estimated directly from 
the negatives with the aid of a reseau on glass, each postscript 
star being referred to neighboring stars of Fagerholm’s catalogue. 
Five objects previously measured as single stars are now seen to be 
close doubles. 

TABLE V 


PosITIONs OF Postscript STARS 


Star a1906.0 6 1906.0 Star a1906.0 1906.0 
YS ee 131°30 12” |-+12°20' 19” || 1430. ...... 131°33/ 35” |+12° 9/ 56” 
PES Peer ieee 30 13 20 I4 EAOG se eee B3056 8 16 
(e\oe i cao 3h 28 @ § WAVE, 505.5 m0 33 55 8 18 
QOB ia oesc3 31 30 One Yi BY (46 a ola eoe 34 43 14 9 
TOL. renee: cae 320 6 47 D7 AO eae 35 28 Io 6 
E70, nee 33 28 EP B% Lap ae a aly Bit TOME 
127 Die eee PO) St 16) 7) TROL 6.015. 60 Boman 9 58 
ESO Gera 33 10 20 IO DAS Wan eee 40 28 6 6 
TASES ee ye 39530 1o 18 DAS Baresi 40 25 6 Io 


In determining magnitudes Fagerholm used the formula due to 

Charlier: 
Mag.=a+ log D, 

where D is the diameter of the stellar image and a and 6 are con- 
stants to be derived from stars of known photographic magnitude. 
The data for the evaluation of the constants were obtained by 
measuring with a polarizing photometer the visual magnitudes of 
fifteen cluster stars with reference to neighboring stars of the Pots- 
dam Durchmusterung. Excluding the values pertaining to the red- 
dest two of these objects, the remaining 13 standard magnitudes 
were adopted without modification by Fagerholm as equivalent to 
photographic magnitudes and used to determine aand b. Table VI 
contains a comparison of his directly observed magnitudes with 

«Its position at the epoch of Fagerholm’s catalogue, 1906.0, is a=8" 46™ 18534, 
6=+12° 9’ 46759. 
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the photo-visual results of the present investigation. The two 
stars designated as red are in parentheses. Color-indices and the 
differences between the two determinations are also included in 


the table. 
TABLE VI 


COMPARISON WITH FAGERHOLM’S MAGNITUDES 


MAGNITUDE 
STAR COLOR INDEX. |S aa es 
Fagerholm | Mount Wilson 

Ae eh +o0.80 £3725 12.66 -+-0.55 
megan +0.53 11.76 DDS 5 + .21 
81. x +0. 16 10.39 10.23 SEL O) 
goa +0.87 ene Aldi 7 + .24 
(Gosmaeer +1.75 Io. 16 10.38 — .22) 
Lea Cate eal +0.75 II.54 TO + .24 
TS Omer ee +o. 26 fle 25 II.19 + .06 
LOG cise: +0.56 Ir.26 tr sake — 02 
LOONAaIE +0.42 II, 24 II.19 OS 
DN On ater. 0.77 Wee 12.60 S03 
DYN crs oe +1.45 TiS 3 te 12 2) ee 
BQlon arate rs +1.49 Er .O7 II.61 + .36 
REE. 6 ora SOnay TiS O) II.19 Se et 
(lor ae -+-1.27: 8.52 8.03 + .49:) 
OAC ee +1.09 Tie ee? IIl.03 +o.I0 
Mean of +0.73 +o0.24 

13 


The mean difference 
F.—Mt.W.=+0™24 


holds for magnitude 11.5 and is in satisfactory agreement with the 
difference at the sixth magnitude found by Seares* 


P.D.—Mt.W.=+o0™19 


The discrepancy, therefore, between the new results and Fager- 
holm’s is mainly one of zero-point difference between Mount Wilson 
and Potsdam. This correction, taken in connection with the large 
average color-index of the standard stars (+0.73), indicates that 
on the average Fagerholm’s magnitudes are systematically half 
a magnitude too bright in comparison with Mount Wilson photo- 
graphic results. 

For the statistical discussion the results have been tabulated on 
the basis of photo-visual magnitude. The notation and arrange- 


* Mt. Wilson Contr., No. 97, p. 29; Astrophysical Journal, 41, 234, 1915. 
324 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS it 


ment closely follow that employed in the paper on Messier 13. As 
more than half of the stars have color-indices between -+o.8 and 
+1.2, the color-class g has been divided into two equal parts in 
Tables VII and VIII. No negative color-indices were found and 
class 6 is omitted. The data in the catalogue, Table IV, for two 
stars, Nos. 64 and 242, have been excluded from the discussion 
because of uncertainty of the measurements of magnitude; and for 
six others, Nos. 11, 47, 158, 280, 282, and 286, the data have been 
excluded because the distance from the center equals or exceeds 12’. 


TABLE VII 


FREQUENCY OF COLORS AND MAGNITUDES 


Cotor-Crass 
DisTANCE From} Liuits or Pv. ALL 
CENTER Mac. 2, f 5 We CoLors 
o-4 5-9 
Koi Oley le ecto ole eesis 6 sR Whee aE c I 4 6 
Tt5O-Eie5 I D Lee year he Tlie elas 5 
LE 512 Oe | orerereucus ountetc ml laser stars |etersies 2 I 3 
erRaliitety Sareea hy onde IAS beat 2 2 2 DIY Viasat 8 
Inaleed eetey Nya 5 ote 14 9 9 Be tastereroe 35 
TZPO= ES 5 wail etter lenses 13 12 Ais Wsisteds. rs 29 
SES a5" yeaa le rere 6 fe aN reeeS ry itor ac ore 13 
<1 Uy oO} I Ty § | erieerseess lavecepeays 2 a ||hanarowecs 4 
EEO— ek Tas I I I I PIE a 6 
Tie5-t2.0 I Bie jl Atereveraeilth Menorahs Le eer pera: 4 
Aes LOS en TQO—TOe 5s |e I 2 I De er eee 6 
Ele 5 0s Own eres 12 7 3 PAN becrens i 24 
TZAO= ss hu uaceear 6 14 BP OER rd | acetates 23 
59355 0 setters B 7 QM owtasenoy| cesecee er 12 
SRD O! leavers |esuv ne reusl ceieusr oe I Degman 2 
ig Roma hint) lee oa selbomeo Tl fecchowe ceil dras-eoreyellieUare seve I 
fel 2 On al eee Drs slbstapotonn toa betrenata;| dys austere vennteysne I 
See LOU Dahan PAO Ea a eee reheat ees I Die Altckevel Gass | aeevees ieee 3 
TSG —1 shiOee eter 4 4 2 Bal {ene It 
Ta2O=ka a5 I 12 8 Do USESayoneys ||ernanere 22 
Salieri beck oc 9 Ses etejreyaial| obey ste wove! llayeyeroneke 14 
<NEN.O: I I I i 4 4 12 
Ti20-fts5 2 3 3 I Br) lee ee 12 
ties 1240 I Bie b lieceespor cel ieuevereuets 3 I 8 
Whole cluster. L2eO—12 5 salon ne 3 5 5 Ao Reco: 17 
ZS os Om toate: 30 20 I4 On Rleertnce ne 70 
IO Eas I 18 25 16 Ab se sek teoree 74 
eee | Webeco I2 18 Otek arte cee 39 
All magnitudes 5 70 82 46 24 & 232 


12 HARLOW SHAPLEY 


Table VII, in which the tabulated quantities are numbers of 
stars, shows the relative frequency of color and magnitude in suc- 
cessive concentric regions. A very significant result, one in marked 
contrast to conditions in the globular cluster Messier 13, where 
there is a large percentage of negative and small color-indices, is 
that in this open galactic system there are no color-indices less than 
+o.16, and but 2 per cent of the stars are bluer than f. All of the 
m’s and most of the k’s are near the center and the former are 
chiefly among the brighter stars, but aside from this no definite 
relation exists between color, distance, and magnitude. 


_ TABLE VIII 


DISTANCE AND COLOR-CLASS 


Cotor-CLass 


pzom Center| QUANTITY Conme 
eS J ke, a : Ye 

INowstarsaee ° 10 Io 8 4 3 35 
ofo- 2/5 |, Av. Pv.mag.|....... 12-494 12,8) | 13, 1S 1 TO6s| e102 23581 2)40 
ALVA olen Cece tee +0.70 |+0.93 |-+1.06 |+1.28 |+1.78 |+1.00 

No. stars... I 8 22 22 9 2 64 
2,8— Ans |, AV. BV. mag.) Tiesto) | 2554 elise O02 T3™ TOM=tonOT ll EtOn7ONNE2r OS 
Av. C. L..../+0.26 |+0.66 |+0.90 |+1.08 |+1.31 |+1.71 |+1.00 

No. stars... 3 15 HS 8 8 ° 49 
Av§= 6.15 (jAV.PV. Mag: 10.07 ps2: 70) || 13-047) 2275 9) TL 5Onlacn nace 1D). 
Av. Ca I.. .3|-bo. 275\--0. 7 |4-0.090) |--2.05) |--5-301 |. os one +0.91 

No. stars... ° II 16 2 I ° 30 
675— 8.5) \AVaPvamag ln esc. E280! || Tap 2e eka O4 al enol ener 13.03 
Va ied Ord PER Sa I eee as 8 SOO Waontey, (eed [Ge loon coe +o.81 

No. stars... ° 19 9 4 2 ° 34 
8.5-10.5 |;Av. Pv. mag.|....... ESR 20) | Ese 2 Ore ee 5 3 [ate 7) Om | eto 13.06 
Te Wifial Orval eee alba ore 0), O8<|< 0500) | sob <OOn a0) 20min eens +0.82 

No. stars... I 7 Be) 2 ° ° 20 
HOME aati lnve wie deaicuiathen| seek ato) seh ere |] neler |) GRACE) Lo ss oro c\loao sous Tigh. TH 
Jesu Can Ieee fa OASIS ORO ORY, Name NG se canclbosoanc +o0.80 

All of No. stars... 5 70 82 46 24 g 232 
cluster. . |; Av. Pv.mag.| 11.44 | 12.89 | 13.07 | 12.98 | 12.09 | 10.42 | 12.80 
Av. C.I....|/+0.29 |+0.68 |+0.89 |+1.07 |+1.33 |+1.75 |+0.o1 


Table VIII gives for each color-class and each interval of 
distance from the center the number of stars and the average mag- 
nitude and color-index.. The variation of average color or average 
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magnitude with distance is but roughly indicated for each color 
separately because of the small number of stars in some of the 
groups. For all colors combined the last column sums the material 
and suggests immediately that the three inner regions are to be dis- 
tinguished from the remainder. 

This matter is treated more fully in Table IX. The limits of 
the successive annular regions, the number of stars each contains, 
and the area of each in square minutes are given in the first three 
columns. The average density of stars in each region is given in 
the fourth column, followed by the average magnitude and color- 
index taken from the preceding table. It is very striking that the 
quantities in all three of these columns are sensibly constant for 
distances greater than 6‘5. This result can hardly be accidental, 
for considerable numbers of stars are involved, and its tentative 
interpretation must be that the diameter of the cluster does not 
exceed 13’. The stars in this nucleus are four times as numerous as 
in the sky immediately surrounding it, and average slightly brighter 
and redder than the extra-cluster stars. 


TABLE IX 
No. Stars NuMBER OF STARS 
eee No. Stars AREA Sasa a Rae AVC. Ue ace 
Minute ground Cluster 
sq. min. 
o!o- 2/5 35 19.6 1.78 12.49 | +1.00 6 29 
eo aS 64 44.0 ies 12.85 -- 1.00 13 51 
AGS Om 5 cs 49 69.1 0.71 G2 +o.91 21 28 
OMS Sa5 tar. 30 04.3 0.32 13.03 +o. 81 28 2 
8.5-10.5... - 34 IIQ.5 0.28 13.06 | +0.82 36 (—2) 
10. 5-I1.5 20 69.1 ©. 29 toot +0.80 21 (—1) 
otal eee | 232 125 107 


From Table IX we may deduce closer details of the average con- 
ditions in the cluster itself. First, we assume that the background 
in which the cluster is situated has a density of 0. 30 stars per square 
minute, and we derive at once the last two columns of Table IX, 
showing that background stars exceed cluster stars in number and 
that even within 6/5 of the center 27 per cent are not members 
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of the system. In the second place, assuming from Table IX 
that the average magnitude (to the limit of the plates used) is 
13.07 for the background stars in the vicinity of the cluster, we 
may obtain the average magnitude of the cluster stars alone, for 
we know the number of each kind. For example, in the first 
region 
Av. Pv. Mag.=(35X12.49—6X 13.07) + 29. 

Finally we may derive in a similar manner the average color-index 
of the cluster stars alone; for example, in the first region 


Av. C. 1.=(35X1.00—6X0.81) + 29. 


The results for the cluster alone in the three inner regions are, then, 
as follows: 

1. Cluster stars per sq. min. 1.48, Av. Pv. Mag. 12.37, Av. C. I. +1.04 
2. “ “ “ “ “ 1.16 “ “ “ 12.79 “ “ +1.05 


be “ “ “ “ “ °. 40 “ “ “ 12.11 “ “ +o t 98 


The evidence of Table [X relative to the limits of the cluster 
seems conclusive. The assumed average background density of 
o.30, however, is equivalent to more than one thousand stars per 
square degree, which is much in excess of the number (320 per square 
degree) predicted for this limiting magnitude and galactic latitude 
by the tables of Chapman and Melotte.t. To investigate the matter 
further, counts were made of all stars within a degree of the cluster 
on the Palisa-Wolf photographic chart No. 40. The outcome of 
this count, which is given in detail in Table X, indicates that 
the cluster extends far beyond the limits of the plates used for mag- 
nitudes. Small squares (10’ on the side) were counted separately 
and the means of the rows and columns are given at the side and 
bottom of the table. It appears that the diameter of the cluster 
may be a degree of arc, or even more, though beyond 15’ or 20’ the 
ratio of background stars to cluster stars probably becomes very 
large. When allowance is made for the different magnitude limits 
of the Palisa-Wolf chart and the present catalogue, the average 
density at the edges of Table X is found to be but one-sixth of that 
assumed for the background from Table IX and one-half of that 
predicted from the Chapman-Melotte tables. 

* Memoirs of the Royal. Astronomical Society, 60, Part IV, 1914. 
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The star group of thirteen minutes diameter, shown so clearly 
in Table IX, evidently represents a secondary condensation, 
perhaps a nucleus of the brighter or more massive stars. If the 
region studied in that table could have been extended to 20’ or 30’, 
further change in the density would doubtless have been found and 
the constancy of average color and magnitude might no longer have 
been maintained. The limit of the Palisa-Wolf chart is approxi- 
mately a magnitude fainter than the plates used in this paper. A 
second but less accurate count was made on the chart, including 
only those stars brighter than the limit of the magnitude catalogue. 
The result relative to the extension of the cluster is practically the 
same as in Table X, indicating that the phenomenon is not wholly 
connected with the fainter stars. 


TABLE X 
Counts oF Stars NEAR M 67 ON PALISA-WOLF CHART 
8b 40m 8h 44m 8b 48m 
+ SR SSh a 
ate) ey ER 8 7 Gp ai 7 Ge EES || Suet 9.7 
8 Onion OLE, rus ato bie) 5 Onn. 2a 2 2 LOO: 
E2 ere Set? stOU se lOm tO 10 Qj ae 7 Sits a TOmmELOne 
LO Me tO es UG LS LO Omen 3 4 ee te Om LON OR OLO 
) Loe TOs 10 hie 7 II 8 @) Bizkit) hf, 8 52(0) 
ee by oka Ee ark © efo) 23 LOM Mens Ou C umnLst @) || ater hy 
+12°- 
Soe LT a ee 6 14 38+] 40+ 42+ 9g I5 3 10 SeELOR2 
jhe AME GR gift ey = “Bes 80+ 80+ 36 13 6 6 3) Gok! 
13 8 O 9 be a) GSS Hemp iy H@ 9 6 SOLO 
Qo 12 Gf heat O24 Cy iy ay ae Omar, 
1p Sas 7 Or 14, 10 ey ne) ke) || HAG) 
ee LA: ODEs 4S CY ay 7 OpLOMNELON nt 5am LOnS 
+13°- 
18, <9 io el lS Ts Cis ig 3 9 (io ie GH 


TOPS ELIA ULL Ont 2 Tse elGrom 2 2a2) 22) 1463 elo OnrOnONOM 70-42 


SUMMARY 


1. A catalogue of the magnitudes of 311 stars in the open cluster 
Messier 67 has been prepared from the partial or complete measure- 
ment of eleven plates. Color-indices are obtained for 240 stars. 
The average probable error of a color-index is about +o™1. 

2. The average color-index is +0.91, with a strong condensa- 
tion of color in classes f and g. No negative indices and but five 
less than +0.4 were obtained. 
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3. From a study of these colors alone the cluster appears to con- 
sist of but a hundred stars and to be of small extent (Table IX), but 
an examination of the large star charts shows that its influence 
among the background stars may extend to a distance of nearly a 
degree (Table X). 

4. There is much in common between the stars of the immediate 
background and those of the cluster—average color, magnitude, and 
condensation not appearing greatly unlike. In this respect, as well 
as in others, there is a wide difference between Messier 67 and the 
condensed globular system Messier 13, discussed in a preceding 
paper. 


Mount WILSON SOLAR OBSERVATORY 
May 1916 
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PRELIMINARY EVIDENCE OF INTERNAL MOTION IN 
THE SPIRAL NEBULA MESSIER tor 
PHOTOGRAPHS BY 
G. W. Ritcuery, J. E. Kererer, C. D. Perrine, anp H. D. Curtis 


MEASURED AND DISCUSSED BY 
A. VAN MAANEN 


INTRODUCTION 


Although the nebulae have been under observation for many 
years, it is only within the last quarter-century that their motions 
have been detected. In 1887 Dreyer’ stated that “‘so far we do not 
possess any clear evidence of change of form or change of place.” 
Several of the older observations seemed to indicate such changes, 
but Dreyer’s careful investigation of all known cases led him to the 
conclusion that these motions must be illusory “unless we are to 
believe that nebulae in the good old days moved about as they 
liked, but have been on their good behavior since 1861 and kept 
quiet.’” 

Motions of nebulae in the line of sight were first observed with 
the spectroscope by Keeler in 18g0,3 and since that time the radial 
velocities of many of them have been determined by Campbell, 
Slipher, and others; but we remained in ignorance as to their 
cross-motions for another twenty-five years. Curtis, from a com- 
parison of plates taken with the Crossley reflector of the Lick 
Observatory by Keeler, Palmer, Perrine, and himself, published 
in 1915 the proper motions of about one hundred nebulae.‘ 

In recent years evidence of internal motion has also been dis- 
covered. Here too the radial motions were detected first. In 
1914, Buisson, Fabry, and Bourget demonstrated the existence of 
internal motions in the Orion nebula,’ a result confirmed by Frost 

t Monthly Notices, 47, 413, 1887. 2 Ibid., 47, 418, 1887. 

3 Publications of the Lick Observatory, 3, 217, 228. 

4 Publications of the Astronomical Society of the Pacific, 27, 214, 1915. 

5 Comptes Rendus, 158, 1017, 1914; Astrophysical Journal, 40, 241, 1914. 
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and Maney. In 1914 V. M. Slipher? published the “Detection 
of Nebular Rotation,” relating to the Virgo nebula, which is of the 
‘“spindle” type, and Wolfs detected the rotation of Messier 81, while 
in 1915 Campbell and Moore‘ announced the rotation of the 
planetary nebula N.G.C. 7009. Also Pease’ discovered a possible 
internal motion in Messier 33. 

In December 1915 Mr. Ritchey suggested that the two plates 
of Messier ror taken by him with an interval of about five years 
be placed in the stereocomparator to see if they would show motion. 
Since no motion whatever was revealed in that way, I then pro- 
posed that the plates be placed at my disposal for measurement, 
to which Mr. Ritchey kindly consented. As sixteen nebulous 
points chosen for this purpose showed some evidence of internal 
motion, I at once decided to take up the work in a more extended 
way, measuring many more points. Feeling also the necessity of 
measuring at least one other pair of plates, I asked Dr. Curtis 
if he would be willing to place at my disposal the Crossley reflector 
plates of this nebula. This request was very kindly granted, and 
Dr. Curtis sent me three plates, one by Keeler (1899), one by 
Perrine (1908), and one by himself (1914). The measures on these 
three plates and on the two made by Mr. Ritchey are discussed in 
the following pages. My thanks are due to Dr. Campbell, director 
of the Lick Observatory, and to Dr. Curtis for the use of the Lick 
plates and for permission to publish my measures of them, and 
also to Mr. Ritchey for the use of the two plates taken by him. 


MEASURES AND DISCUSSION 


The measures were made with the “‘blink”’ arrangement of the 
stereocomparator in the manner described in “‘The Photographic 
Determination of Stellar Parallaxes with the 60-Inch Reflector.’” 
The plates were measured in four pairs, combined and arranged 
in the stereocomparator as shown in Table I. 


* Popular Astronomy, 23, 485, 1915. 2 Lowell Observatory Bulletin, No. 62. 
3 Vierteljahrsschrift der Astronomischen Gesellschaft, 49, 162, 1914. 

4 Harvard College Observatory Bulletin, No. 591. 

5 Publications of the Astronomical Society of the Pacific, 28, 33, 1916. 

6 Mt. Wilson Contr., No. 111, 4 ff. 
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The exposure times of the Lick Observatory plates were as 
follows: 1899, June 8, 4"; 1908, July 28, 15 45™; and 1914, March 
20, 2"; the last plate being under-exposed on account of clouds. 
The exposure times of the Mount Wilson plates were: 1910, March 
ro and 11, 7 30™ (aperture 54 inches); 1915, May 14, 15, and 
16, 8+ 37™ (aperture 50 inches). 


TABLE I 
. Left Right 
Pair Plate-Carrier Plate Carter Observer Remarks 
12h on aa a TQIO IQI5 Ratcheys Ritcheya| sere eee eee 
RALD SS et ss IQIS IgIo Ritcheyse Ritchey sae eee 
1 Fl Naat a eee 1899 1908 Keeler, Perrine 1899 through glass 
DeLee os. oe 1914 1899 Curtis, Keeler 1914 through glass 


As the 1899 plate of the Lick Observatory was taken with the 
early arrangement of the Crossley reflector, involving the use of a 
Newtonian flat, while the later photographs were made without 
this auxiliary mirror, the field of the 1899 plate is inverted with 
respect to that of the later photographs. In using the stereo- 
comparator it was thus necessary to measure through the glass of 
one of the plates of the Lick pairs. 

The interchange of the new and old plates in the plate-carriers 
should in the mean eliminate any relative displacement of the 
images due to the measuring instrument. 

Thirty-two stars, as near to the nebula as seemed safe, were 
used for comparison purposes. It is true, of course, that some 
of these objects may really belong to the nebula, but the results 
show that the choice of comparison stars, on the whole, was a 
fortunate one. To prevent the appearance of a magnitude error 
it was necessary to avoid a great range in brightness, and in order 
to increase as much as possible the weight of the plate-constants 
the comparison stars had to be distributed as uniformly as possible 
around the nebula. The co-ordinates of the comparison stars 
relative to the center of the nebula are given in the second and 
third columns of Table II, + indicating east and north for x and y, 
respectively. 
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In the choice of points in the nebula which were to be measured 
I tried to avoid stars. A priori no certain distinction can be made, 
but in general I avoided those points which through total absence 
of surrounding nebulosity give the impression of stars rather than 
of parts of thenebula. This is a hazardous procedure, and undoubt- 
edly some of the points do not belong to the nebula. From count- 
ings on the outer parts of the plates the conclusion was reached 
that the area containing the 87 measured points should include 
about 20 measurable stars, but several of these must have been 
omitted in choosing the points in the nebula. Further, the points 
selected must’be as symmetrical in appearance as possible to avoid 
difficulties in bisecting their images. This requirement, too, could 
not be rigorously fulfilled. 


TABLE II 


CO-ORDINATES OF THE COMPARISON STARS 


x y x y 

Lif ts aan b egret —10/9 + 4'9 Oem tine: +10!0 + 2'4 
Dae ne Aer —10.3 —o.1 Tova Roe +10.2 + 4.7 
Coen tn — 6.4 ae Buch So nee + 8.4 + 9.1 
CEA eaten — 6.6 — 8.1 einer resicare sp Chs® AP Bae 
CxPA eee tes = Ose — 6:8 AW wee sey ae ar Ree! ap ae 
b sae eae a = Boe TOO Us ana + 9.0 +12.0 
tea RO ee = aye) Widens wesee ap One —-1250 
h Se Ure Ene — Ons TO 7) DON ata tars Gees ere = = itt oC) 
Bocce ceceeee + 1.4 => fat Vin cine Sarak ees + 1.0 +12.6 
POE Noccnie menos SP Sig) = 0 LRA Pe tn = Oe a7 B® 
BOE CIE eae ae Pag —FOn4 Cas eemichcy ane — 0.6 + 6.7 
Me dre ee et ae ing —T0.0 [eh — 3.8 am Yet 
Miche tienes am Yok =a G ee err = 26 =-rr.5 
Sa ator Goat ae hg — 4.7 One eee — 5.9 +11.1 
Cioran rs eae: ar Oak — 2.0 Cr citaieecrcarie On + 8.4 
Panis Mieco Se Salo) Our ETRE CeO On = &.F ae Bats) 


On R Land R II, 87 nebular points were measured; on L I, 60; 
and on LII, 46. The co-ordinates of these points are given in the 
second and third columns of Table VI. 

Each pair of plates was measured in four positions with east, 
west, north, and south, respectively, in the direction of increasing 
readings of the micrometer screw. In the reductions the two 
measures of each pair in right ascension were combined into one set; 
the same was done for the measures in declination. 
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As the measurement of a pair of plates in one position required 
several hours, the temperature of the room was read during every 
set of measures. In no case did the range during the measures in 
one position exceed 1° C. Disturbances from this source are there- 
fore negligible. Moreover, several measures were duplicated to 
see if any shift could be detected, but no positive evidence was 
found. 

The mean of the measured differences of every object for the 
two positions of the plate which differ by 180° may be called D. 
From the values of D the proper motions in a and 6 were derived 
by a method analogous to that described in my paper on stellar 
parallaxes.t It was found from a preliminary reduction, however, 
that the quadratic terms of the co-ordinates could not here be 
neglected. The equations of condition therefore have the form 


D=patatbe+cy+de+exy+fy 


with a similar equation for declination. 

Supposing y. and us of the comparison stars to be zero, we can 
solve the 32 equations for these stars to find the 6 plate-constants 
a, b, c, d, e, and f. This was done by the regular least-squares 
method. The constants found for each pair of plates were then 
substituted into the equations of condition for the stars and for the 
points in the nebula, thus giving w. and ys, the proper motions in 
a and 6 relative to the mean motion of the comparison stars. 

These values of wa and us, still expressed in two-thousandths of 
a revolution of the micrometer screw, must be multiplied by 1.04, 
1.04, 0.84, and 0.52 for RI, RI, LI, and L II, respectively, 
to give the annual proper motion expressed with o’oo1 as a unit. 
The resulting values are entered in Table III. The first column 


contains the designation a, b,....a,6,... . for the compari- 
son stars, and the numbers 1, 2, 3,... . 87, for the nebular 
points. 


The weight to be given to each pair of plates depends on the 
scale (which for the Mount Wilson plates is 1 mm= 27720, and 
for the Lick plates 1 mm=38"73), their quality, and the interval 
in years. As the influence of quality is difficult to determine in 


t Mt. Wilson Contr., No. 111, 7 ff. 
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TABLE III 
ToraL ANNUAL PROPER MOTIONS 


(Unit =07%oor) 


Ma, PO 
No. 
RI RII LI LII RI RI LI LIlI 

OSU key ee +20] —19 | + 8] + 2] +24 | —26 | +24 | +21 
Dee ree +14] — 8 | —s3 | + 5 | —10 | —17 | —40 |'-+10 
Ogeeneeets —28 | + 09] —13 | —16 | —17 | +16 | — 4 | +16 
Citta thces +33 | +14 | +46} +42] —19 | + 4] — 5 | —18 
(ARTS NE —1o | +18; +8) —2!—1]/]+9]| — 2| +33 
ickete Broo —18 | —27 | —23.} —18 | +15 | —4|+4|-—7 
1 a Slee nA tene te + 5 | +22 | +18 | — 2] —16 | —14 | —12 | — 6 
sere: Se dh = of I Se 1) Cane, o|/ + 8 | +18 | —18 
Dicwadah\ateretrs —35 | —1o | —2% | —32 | +41 | +25 | +301] +73 
fies fera Aiea —I12}/—4/—-— —18 | +10 | +14 |! +10] — 5 
| Ps A +1 {+12 | +14] +09] — 5 | —20} +20 | —14 
Ue erage ea —19 | —15 | —44} — 9 | +9] +17 | +24 |] +17 
MU Norrgnie net +52] +31 | +34 | +30 | + 8] —48 | —60] + 9 
in theioteen +26| + 7/]+ 7] +20 |] —28 | +27 | —52 | +26 
Os chon eyer hare ange |) eyo i etsy hoe eet Saeie |) 97 
Deusen Se cel + 5 | +16 | — eel Soo cy eee ate) || are) | See 
Oirease Sater +10} — Serbs We eel amine ora | Sees | nis 
Bites ee: —50 | --12 | — ae 22 Sse — Sl se 8) ae @ 
SS hefeaes oan —2r | —43 | +16 | +13 | +33 | +18 | + 1] + 8 
Ud apta cen FA 5: || Ae 2 cs | are eae 7 
Ue ee +24 | +11 | + 2/+8)]-— 6] —18} — 1 | —22 
Ug eteee hac = —Io | —40 | —36 | +25 | +31 | +10 | —12 
Wi neeo stich cgeus +33 | 22) + 2r | +20 || en | —25 | —a6) |e -re 
Vitdoea ages ip eet saw | aes ee ak ile ks) Ih SR aX0) 1) > D 
Meneses sree) |) om) Y/ © = 6 | —26 | —20) |) — 155-50 
Die eae: SAO) Wi Sime te See 0) ie GY iP eae |) ales || fh |) aera 
Oh Sawa Nate On 45) 3) + Sa 6525 — TON oreo 
[etc camratare —56 | — 6 | —46 | —1r | +46 | +64 | +21 | +14 
fo Bir RO chale = i | sp |) seug) |) seme || qawidhoee | as il seus 
OO ey —10o | — 7 | +22 | +10 | —16 | +40 | — —14 
Cy Oe era site) amity | doy |] —Sehe |) aa |) Se Aa || Sea} |] ae 
De eat ae =F 25 | er |b 22 | 8! ero) | ara ce 
Die tethokes ae See be aon cuollata close Pe MN Stl eG Geen clloo.dg ss 
2a aoe ==20))|) — 2235 — 55 i — Oh eon eta o | +12 
Barns ae PTA n= tA eee case hs Bia tee =T16i"|); +50) |b cee alter 
fhooootons Ste EOLd =) Bo Wi AS eb 3 iro S Onl spe S Ou ite ae ee 
IG syntaye areas sp =e 5 | +3} + ©] +42 \e——2>) ar 
Oeste ae Se PW ae asl a Pletila acco “40° | =F 24 870 |e oe. 
Ge ee) Ih Sth poateelo ase se ee i a temllaci ob cllcaces 
to emery ae! +14] + 1] +15 | —15 | +18 | +48 | +15] + 7 
WE poenBee 35.) “23 | 45.) A637 Sy ee 7 eee 
ake ey aes ieee weaken eet | Seis | Sento) abe, |) shew 6 
0 oe = Ou aot 3 |e | + 4] +56} —24)...... 
bes rr ase SOP NTS mite) ||) GOIN Nhs 3 5. SK Sah il =) 0) ono oes 
LC yee = 2) = 4 For | = One 10! 5-20) |e sale -e ae 
TA panne Fig | + 4 | + 8) + 3 | — 2) -Pr5 bos | a 
TOM eee +38 | +17 | +23 | + 2] — 2 | +35 | +21 | +28 
SLO gece +47 | +25 | +42 | +12 | — x | +12 | +34 | +26 
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TABLE IlI—Continued 


Ka KS MEAN 

No. 4 

Ree Ril LI Lil RI RII LI LIil Ka Mg 
Shaan Be TP ¢ibaeek) lshcooolsen otal) — Poe) eoreaallboaooel) seuss) seem 
» PRE RAY sek) || Gest |) SOE aac cea | eke | ae SEG) Ue coo ull SERS | thine 
PAG care. Gy Peis || ted ihe ae al) en Ey | Sy [eso oonl| aie a ° 
ne SPR S| Gee coo) || arse heyy ool ae | aon 
Rae 12 || 435185) 26) | 22 a eee 8a 238 a 2G 
Sa = 7 1 Oo 8 sa ear |e) | 8 aeie— hs eletTo 
Cara yee Spit all) ee Osis er ocala 2h lot eile allawacoult ae ye qt sor! 
She tae arene Se Een cooallon se aall apie || Spk¥h Wesnuclvooocdl Seng || abe 
Brac teh ai 8h Seed = Clacccnall gree se Gril SS a Ipec coll 4 3 i) fine: 
St S180) he) somo Gallo ores ll eee) | saa calloonesal| Sok |) aid) 
Me eee ite -+1r | —15 | —26 | —16 | —40 | — 2 | + 6 | +20 | —12 | — 4 
ees Ot Sees) | pete Pau lates lh vie | Ser 28 4 GES Ilo occ o4|| TRI) jj Tis 
Peet oe ses) |) 2 || 5 nso ee all Se || See I See tocol] = 2 |) ae 
datas ses OATS ee egapeceeise|) LO! a3 Tiel eee ern | 
Se or SOS || sr) SPCR Waooosall qrea | ee) | aes We oo cool! See) || — © 
Mercere 4 | —49 | +29 | —27 | —24 | +16 | +28 | +28 | —1zx | +12 
Ss ae 530) || SA || =O) se ao all GPO) ap 2 Phage 2359-20 
Bret Sie —1r | —44 | +15 | —13 | —22 | +12 | +66 | +16 | —13 | +18 
Eas ic Be —+-27 | —2r | —32 | —32 | — 2 | —ro || 4-28 || -- 16 | —25 || -— 8 
ye pate seers ar Cy || sho) |} a |) okt | oe |) hoy me Bw | a || Se 
Sea ere: Sy | Soe oes okc cil PON Geevs bande dlbcoosclt rth KSB © 
Sree crrt APA) "SPREE S sc ohallesotural yea) Se Zilla se doalb coe cc @} || =p 
ee 25) | — 200 ra |e —— ae Sea Olea Or to a a ES 
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eS Se _ See ae ea ll eee || Gre) |) SRG Ion cool) — | as 
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TABLE IlI—Concluded 


Ka MS MEAN 
No. 

RI RIt LI LIlI RI RII ye LII Ma Ka 
O8Feace keen siete |e TOM = OOM teaser —59 | —69 | —66 |...... +20 | —65 
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7 OMe ase +15 | +24 | +24 —7o | —55 | —25 | —27 | +18 | —44 
i foreach ey ee? —1r | —21 | —23 | +11 | +12 | —28 | —39 | +10 | —11 | —11 
WO weeks +21 | —15 | +18 —42 | —46 | —13 | —12 | + 5 | —28 
Teather ay. 38) PT 33 (5 | "72 | eer +23 | —48 
1 fe ee Oe ata T gata 2 Gil Arras ire, sues =! O/7 ll) =n ill te epeterel | eens + 3 | —8z 
biG ee eee cam asia eta o —2 5 RT Oi | ae +13 | —29 
TOM Sees ee beac oy Pol aes ena cited oe (ey bal lecheciealiang boc +34 | —36 
Wee sea 290 | +37 |+1I5.]...... —17 | —57 | —10 |...-4. +60 | —28 
Uhsiora tee ones +37 | +33 see —r3) r= 323) | 33) 9 ——26n |e--245 5 
FORE Ti serle ne -F4r |} +0 BPN Nea BY |) e—ioteye |) 0%) || ya | aye || Seat, gi: 
Sour et aes cet OO ca sf fica oe yf ete nie DONIC ie | Loy eis | aye || 20) 
ST heya Se lh sey Pacey Wallen Glee i) ong | Goby, |) eto) |} Gm 4 i) ai 
See ee + 4 | +46 | +42 | — 5 | —34 | —75 | —14 | —24 | -F22 | —37 
co Wy a Sear srt es | -t-20 e-= 6) |= — Soult ——02 si aia) eat ee et oT OM As 
SAR ihe te ape || sess |) Sa) | Ban oe eee aR) aPVAm lle cba ox SPSS || ares 
Sch eee =} Olli -t=2 Aut | ie eeaenel| eres oe 17,5] “= 3 ee ere eee eee +25|/—-—7 
SO medias oes —17 | +20 | +47 | +16 | —11r | +36 | — 7} +18 |] +17| +9 
by eset aie I a le oe ae a eee = 33 Hea lee aielsacmeets Sees 


advance, all pairs were provisionally given the same weight and 
combined to form mean motions for the 32 comparison stars and 
the 46 nebular points which were measured on all four pairs. 

The average deviation from these means for each pair of plates 
was as shown in Table IV (unit=o”o0o1). Since the mean deviations 


TABLE IV 
Pair RI RII LI Lil 
Comparison stars...,..... 12 II II 13 
INebular pointsam wean 16 16 17 14 


are sensibly the same for the different pairs, it seems permissible 
to use the same weights for all pairs, the quality very nearly counter- 
balancing the influence due to scale and time interval. The adopted 
mean wa. and ps are accordingly those given in the last two columns 
of Table III. There is of course quite a range in the agreement 
for the different points, but the mean probable error of a mean 
Ma OF pws is only 07008. 
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The results found may be due partly to a translation of the 
nebula as a whole, and partly to internal motions. To derive the 
motion of translation of the nebula three methods were employed. 

1. The mean of the proper motions p. and us for all the nebular 
points was found. 

This gives ua=+0"%005, uws= —o0”012. The Mount Wilson plates 
treated separately give: uz=-+0%002, ws= —0"016, while the Lick 
plates alone give uza=+0"%007, us= —0"008. 

2. Whatever the character of the internal motions of a nebula 
like Messier 101, we may expect them to be nearly symmetrical 
with respect to the center of the nebula. If, therefore, we divide 
the points into four groups corresponding to the four quadrants, 
the two pairs of opposite quadrants should give a good agreement. 
Using all the 87 points for this purpose, the results are as sum- 
marized in Diagram I, which gives for each quadrant the mean 
values of #. and us, and the number of points measured. 


DIAGRAM I 
N 
I Il Pn, 
+0002 —o"oro Mean of I and iy eset 
+0"%008 —o0%023 Hes O O18 
31 18 
E W 
im ” 
+0018 +0013 Mean of II and IV | Ca Lee 
—o"oor —o”o40 (n= orn 
16 Wo 
IV III 


Ss 


3. As, however, the distribution of the points measured is far 
from uniform in the four quadrants, it seemed worth while also 
to derive analogous values for the central parts of the nebula, 
within a radius of 5‘o0, where the distribution of the points is more 
symmetrical. The results may be seen in Diagram II. 

The results of the three methods are given in Table V. The 
agreement throughout is as good as could be expected. For the 
final motion of translation the values wza=+0%005, us= —0/013 
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have been used. No great weight, however, should be given to 
this motion of translation, as the hour angles and the parallax 
factors of the different plates may have vitiated the results. With 


DIAGRAM II 
i I 
I " 
a= +000 
—o0"004 —ooog Mean of I and III tee ates 
+o%o15 —o%024 
14 9 
2 Ww 
a=+0"%0055 
+020 +o"o014 Mean of II and IV - at 
—0%003 —0"%037 
14 DI 
IV III 


Ss 


the material at hand, however, it is the best we can do. Sub- 
tracting the adopted yw. and ys from the total motions in Table III, 
the results are what may be called the internal motions. They are 
given in the fourth and fifth columns of Table VI. 


TABLE V 
Method Ma Ms 
Tein eee ree +o7005 —o’o12 
GME baa 5 Oe SE each ren ty +o.006 —0.014 
Bid dn anateueuarsiog ae tene tons 0.005 ——OMOka 


The accompanying illustrations show these motions, freed from 
the motion of translation of the whole nebula. The density of the 
center of the prints used for the engravings was reduced in order to 
show the motions more clearly. Plate VII indicates the motions 
given by each pair of plates; they show in general a good agreement, 
although there are several large discrepancies. Plate [X shows the 
mean annual proper motion for each of the 87 points, and also for 
the comparison stars, which are surrounded by circles. The scale 
for the annual motions is indicated on the plates. 

If the results as illustrated in Plate IX could be taken at their 
face value, they would certainly seem to indicate a motion of 
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The lines indicate the direction and magnitude of the annual motions of the nebulous points as 
derived from the different pairs of plates. Their scale (0"r) is indicated on the illustration. The scale 
of the nebula is 1 mm=9!1. 


PLATE IX 


INTERNAL Motions IN MESSIER Io! 


The arrows indicate the direction and magnitude of the mean annual motions. Their scale (0’1) is 
indicated on the illustration. The scale of the nebula is 1 mm=10’5. The comparison stars are 
enclosed in circles. 
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rotation or possibly motion along the arms of the spiral. Without 
expressing a final opinion as to the character of the motion, which 
must be determined by future work, it may be of interest to exam- 
ine the evidence afforded by the existing material. 

To discuss the internal motions from the standpoint of rotation, 
they were analyzed into components along and perpendicular to 
the radius; the latter for convenience will be spoken of as the rota- 
tional component. The results are given in the last four columns 
of Table VI. In view of the uncertainty of the measures it seems 
well to treat the available material in two ways: first, by taking 
all points measured, and, secondly, by excluding those points which, 
because of internal disagreement of the measures on the four sets, 
seem to be uncertain in their final motion. As the probable error 
in a OF ws derived from a single pair of plates is a little over 07013, 
I have thought it well to exclude in the latter case points 
whose deviation in uw. or ws for one or more of the pairs of plates 
is >o’o40. In this way the following 25 points were excluded: 
Nos. 6, 11, 12, 18, 20, 28, 20; 34; 35, 43, 44, 455 49) 50, 51, 52, 53, 
64, 66, 67, 68, 77, 81, 83, and 84. This procedure seems the 
more reasonable as 18 of these 25 points are involved asymmet- 
rically in the nebulosity; the measures in such cases must be 
very uncertain if the plates compared are not of exactly the same 
density. 

The results are as follows, numbers in parentheses relating to 
the restricted group: 78 (55) points have a left-handed motion," 
only 9 (7) moving right-handedly; 58 (44) points appear to be 
moving outward, while 28 (17) show motion inward. The rota- 

onal motion is the larger in the majority of cases, viz., for 63 (45) 
points. The mean rotational motion is 0%022 (07021) left-handed; 
the mean radial motion 0”007 (0”%009) outward. 

The probable reality of the result is indicated by the satis- 
factory agreement of the pairs of plates as shown in Table VII, 
where the + sign indicates left-handed and outward motions, 
respectively. For this comparison only the 46 objects common to 
all plates were used. 

The rotation directions refer to the illustrations. See Plate IX, noting the 
orientation. 
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TABLE VI 
Co-ORDINATES AND INTERNAL MOTIONS 
Unit =o07%oo1 
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TO. +20 +63 22 Vl ane sree 6250 | Gerais. 
: 0.0 +17 +44 Tey eoay eee ee Aa hee ee 
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TABLE VI—Continued 
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Of the comparison stars, 13 have left-handed and 1g right- 
handed motion; 15 move outward and 15 inward; the mean 
rotational motion, as well as the mean radial motion, is 0%000; a 
glance at Plate IX shows that very few of the stars can share in the 
motions of the nebula. 

The measures indicate a small and hardly trustworthy decrease 
of rotational motion with increasing distance from the center, as 
shown by Table VIII. 


TABLE VIII 
: : . Rotational £ Poi 
Distance Mean Distance Component Number of Points 
<3 CT ee 212 07024 (07026) 19 (14) 
BAH GOac uo 3-9 0.028 (0.024) 29 (16) 
ois 180) Olan ae ¢ 5.9 0.014 (0.015) 18 (15) 
720 aria 8.9 0.019 (0.021) 21 (17) 


The change in the rotational component with increasing dis- 
tance from the center is of interest in connection with the assump- 
tion that the nebular points are moving about the nucleus in 
elliptical orbits. For different points the observed orbital motion 
should then be inversely proportional to the square root of the mean 
distance from the center of the nebula. It does not seem safe to 
attempt final conclusions on the basis of the material now available. 

The annual rotational component of o”022 at the mean dis- 
tance from the center of 5’ corresponds to a rotation period of about 
85,000 years. If we knew the parallax of the nebula, and if we 
could assume that the motions and the distances of the points from 
the center are mean values for elliptical orbits, the central mass 
could be calculated. The parallax is unknown and the assumption 
concerning distances and motions is probably far from the truth. 
Nevertheless, such an assumption, combined with more or less 
probable values for the parallax, may give a notion as to whether 
we are dealing with masses of the order of those of the stars or with 
much greater aggregations of material. It goes without saying that 
the universality of the Gaussian gravitation constant must also be 
assumed. 


344 


INTERNAL MOTION IN SPIRAL NEBULA MESSIER Io1 15 


The relation between the parallax and a central mass which 
would cause a particle to move in an elliptical orbit at a mean 
distance of 5’ with a period of 85,000 years can be derived from 
Kepler’s third law; it is M=0.0037 7-3. We thus find the corre- 
sponding values of parallax and mass given in Table IX. 


TABLE IX 
2 Mass Mean Distance Ree 

(Sun=1) (Astron. Units) km/sec. 
70001. . . .| 3,700,000,000 3,000,000 1,038 
DOOO4 ea 57812,500 750,000 260 
OZOOLOR sare 903,320 187,500 65 
0.0004... I4,I14 49,875 16 
O-02500- ee 220 II,719 4 
OTO24% abe Bea 2,930 I 

The order of the parallax of Messier 1oz is suggested by the 


following considerations: Curtis gives 07033 as the average annual 
motion of 66 large spiral nebulae.t Could we assume that these 
objects are comparable with the stars in the matter of proper 
motion and distance, we should have, supposing them to be of the 
twelfth magnitude, o’005 for their mean parallax. Again, we may 
compare the cross-motion of 0”033 with the observed radial veloci- 
ties. Only a few of the latter have been determined as yet, but 
those found indicate high speeds. Assuming them to be dis- 
tributed at random in space, Curtis finds the distance to be of the 
order of 10,000 light-years,? corresponding to a parallax of 070003. 
Various objections to the acceptance of these results, even as rough 
guesses, immediately suggest themselves, but they are the best we 
have. At the moment, therefore, this method of discussion sug- 
gests large values for the masses involved. 

An inspection of Plate [X conveys the impression that the general 
drift of the motion is outward along the branches. The direction 
of the branches in the vicinity of 52 of the points can be specified 
with fair accuracy, and a comparison with the observed motions 
shows a mean divergence for the latter of 7° 4° toward the concave 
side of the spiral. 


t Publications of the Astronomical Society of the Pacific, 27, 217, 1915. 


DIG Thess Detar, UO stisy. 
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It would be of interest to consider the further development of 
a nebular mass in which, as apparently is the case with Messier 
to1, the direction of motion is so closely coincident with the 
branches of the spirals, and to examine the evidence afforded by 
other nebulae as to the probability of the continued existence of 
such motion. For example, continued outward motion should 
result in forms in which the distribution of the nebular material 
is widely different from that in Messier 1o1. Interesting cases 
such as Messier 77, Messier 81, Messier tor, Messier 100, and 
possibly N.G.C. 7293 immediately suggest themselves in this con- 
nection; in these we see a gradual transition from a nebula with 
the bulk of the material strongly concentrated in the center, while 
the spirals contain relatively little material, to the other extreme, 
where the spirals, containing most of the material, seem to be 
connected hardly at all with the central body. 

All such questions as those touched on above, which naturally 
are highly speculative, are here considered because of the part 
played by elliptical motion in the Chamberlin-Moulton hypothesis 
as to the origin of spiral nebulae. The explanation which they 
have given, at least for the typical case, requires that the motion 
of a particle belonging to one of the branches should be inclined 
at a considerable angle toward the convex side of that branch. The 
departure of Messier ror from the typical case imagined by Cham- 
berlin and Moulton is sufficient to excite comment. Professor 
Chamberlin, however, kindly allows me to quote parts of his manu- 
script of a book, The Origin of the Earth, bearing on this question. 
He states: 


. . . . that the paths pursued by the projectiles are not identical with the 
spiral chain of projectiles into which they are forced to arrange themselves. 
The divergence between the paths and the chain of nebulous matter may vary 
widely. A much closer approach to coincidence between the paths of the 
projectiles and the chain of projectiles is assignable in certain cases of closer 
approach and more violent projection. 


And also: 


. . the relative amount of this forward or tangential pull is a critical 
factor; its value is obviously dependent on the relative distance to which 
the bolt was projected. 
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The results can therefore perhaps be reconciled with the 
Chamberlin-Moulton hypothesis, by assigning sufficiently high 
values to the “disruptive” forces as compared with the central 
attractions; but all such questions can well await the accumulation 
of further observational data. In the meantime my measures of 
two photographs of Messier 81 (made by Mr. Ritchey in 1910 and 
1916) give preliminary evidence of internal motion similar to that 
revealed in the case of Messier ror. 

For the precision of such results the time factor is of course the 
most important, but when the photographs are to be used for the 
study of internal motions, various precautions will also contribute 
in no small degree: 

1. Several photographs of each object should be taken; 4 or 5 
old plates compared with 4 or 5 new ones should enable us to derive 
the motions satisfactorily. 

2. Care should be taken that both hour angles and parallax- 
factors are similarly distributed in both the old and the new series 
of plates. A neglect of this precaution undoubtedly will introduce 
errors difficult or impossible of elimination; some of the discrep- 
ancies in the measures on Messier 101 are probably due to this 
cause. 

3. As it is impossible to measure points near the center, if the 
exposures are long enough to show the fainter parts of a nebula, 
two sets of plates of the same object are desirable, one with long, 
the other with short, exposures. 

4. The plates should be taken with a telescope of the greatest 
possible focal length, in order to increase the scale. 

5. It is advisable to insert a star-trail on at least one plate for 
purposes of orientation. This of course is not necessary in deriv- 
ing possible internal motions, but for the motion of translation 
it will afford more accuracy. 

6. For a determination of the parallaxes of spiral nebulae, 
the distribution of the plates, if feasible, should be as outlined 
in my paper on stellar parallaxes.' The short exposures used 
for the proper motions might be utilized in part for this 
work. 

t Mt. Wilson Contr., No. 111. 
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7. On account of asymmetry in the nebulous points, the plates 
should be measured in a purely differential manner, so that the 
settings for any point can be made on both plates in quick succes- 
sion. The chance of choosing different parts of the image for the 
settings on the two plates is thereby greatly decreased. The 
stereocomparator is an admirable apparatus for such measures, but 
if not available, two miscroscopes may be used on an ordinary 
measuring machine, adjusted in such a way that they point to the 
same part of the field on the two plates, which are mounted side 
by side on the plate-carriage. 

To test the possibility that the results found might be a conse- 
quence of systematic personal or instrumental errors, it was impor- 
tant that the plates should be measured with another machine 
and, if possible, by another measurer. I am glad to acknowledge 
the great service rendered by Mr. Seth B. Nicholson, who willingly 
spent a large amount of time in remeasuring parts of the Mount 
Wilson plates with two different machines. We first mounted a 
second microscope alongside the first, on one of our regular 
instruments used for measuring spectra. The two plates were 
mounted on the plate-carriage moved by the micrometer screw 
in such a way that the microscopes were directed toward nearly 
identical points on the two plates. In this way we were able 
to bisect corresponding points one after the other. As the instru- 
ment allowed only a part of a plate to be measured without 
readjustment on the carriage, 8 or g points were selected on 
each side of the center of the nebula, and their relative shift in 
declination was derived with respect to a dozen comparison stars. 
Mr. Nicholson found an annual difference of motion in declination 
of 0083 (the east side of the nebula moving northward as compared 
with the west side), while my measures with the stereocomparator 
had given for the same points a relative shift in the same direction 
of o”063. The agreement is satisfactory. 

After having thus proved that the motion found was not due to 
any defect of the stereocomparator, Mr. Nicholson kindly undertook 
with this instrument a set of measures of 53 points of the nebula, 
using all the 32 comparison stars for reference. The plates were 
measured in all four positions and reduced in exactly the same way 
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as the original measures. Of the 53 points measured, rr are points 
mentioned as difficult on p. 11. The results for all 53 points, and 
also for the 42 remaining after excluding these 11 difficult points, 
are summarized in Table X. 


TABLE X 
AGREEMENT OF SIGN WITH 
VAN MAANEN 
ANNUAL MorTIons 53 PoINts 42 PoInts 

53 Points 42 Points 
Ma Of translation........... +0%003 +0%002 72% 76% 
PSOL translation. «4.2 ee. co —0,013 —O_OnL 75 83 
EROCEEDS cc ote chek oe Lge ae —0.003 —0.002 68 69 
UR Se Reh tear a erate) ASS Poe +o.009 +o0.010 75 76 


The agreement of the motion of translation with that given on 
p- 9 is very satisfactory. Although Mr. Nicholson’s value of the 
rotational component is smaller than that found above, a com- 
parison with the data on p. 13 shows that the difference is within 
the uncertainty of the determination. 

I wish to express my thanks to Mr. Hale and Mr. Seares for 
many suggestions they have made during the work on the plates 
discussed here, and to Miss Helen Davis for much assistance in 
the computations. 


Mount WILSON SOLAR OBSERVATORY 
March 19, 1916 
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INTENSITY OF THE CONTINUOUS SPECTRUM OF 
STARS AND ITS RELATION TO ABSOLUTE 
MAGNITUDE 


By GEORGE S. MONK 


Some time ago a comparison" was made by Mr. Adams of the 
intensity of the continuous spectrum of pairs of stars of large and 
small proper motion photographed upon the same plate, which 
showed that stars of small proper motion are relatively weaker 
in the more refrangible portion of the spectrum. Later, a large 
number of spectrograms obtained for radial velocity were compared 
and the results tabulated.2 This comparison showed (1) that in 
types Fo to K4 stars of small proper motion have spectra which 
are weaker in the violet than stars of large proper motion; (2) that 
this difference increases with advancing type from F to K. 

Accepting proper motion as an indication of distance, the first 
result might be interpreted as a consequence of the scattering of 
light in space; but the second result points to the fact that the 
absorption in the violet portion of the spectrum is due, at least 
in part, to physical conditions in the stars rather than to scattering. 

In continuation of this method of comparison, the density of 
the continuous spectrum of most of the stars on the radial-velocity 
program has been estimated. The method used has been fully 
described in the second of the articles previously referred to, the 
only difference being that a negative with five successive exposures 
of Arcturus has been used as a standard for comparison instead of 
the plate of a Tauri previously used. Briefly, the method con- 
sists of comparing the photographic densities of stellar spectra 
with the standard plate of Arcturus. The standard plate is then 
measured under a microphotometer and the densities obtained 
at the points of comparison. From the estimated relation between 


I Mt. Wilson Contr., No. 78; Astrophysical Journal, 39, 89, 1914. 
2 Mt. Wilson Contr., No. 89; Astrophysical Journal, 40, 85, 1914. 
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the densities of the standard plate and that of any other star, 
the actual densities of the spectrum of the star may be deduced. 
In order to check the accuracy of this method, twenty spectra 
selected at random were measured under a microphotometer; the 
results were found to be in good agreement with those obtained by 
comparison with the standard plate of Arcturus. The densities on 
about 1200 plates have been estimated and reduced by this method. 

It was necessary to reject many plates for the following reasons: 
(a) presence of clouds or haze during exposure; (0) great zenith 
distances; the average zenith distances for groups of stars com- 
pared have been made to agree closely; (c) photographic blemishes 
on negatives; (d) extremely strong or weak negatives; the average 
intensities of any two groups compared were made to agree. 

By the use of these restrictions, it is believed that the disturb- 
ing effects which must be present in a mass of material obtained 
under such widely differing conditions have been eliminated to 
a considerable extent. The plate numbers which were used in 
tabulating the measures show that no one group of stars was 
photographed within a short range of time, so that variations in 
color-sensitiveness of the emulsions should not affect the results 
materially. In most cases two or three plates of the same star 
have been measured and the mean values of the densities used. 

These measures were tabulated for each type, the stars being 
grouped by large and small proper motion. The results appear in 
Table I. Slight corrections have been applied to the densities to 
make the values at \ 4930 equal for each spectrum type, thus afford- 
ing a direct comparison at \ 4250. 

These results are in the general direction of those of Adams and 
Kohlschiitter, but show the connection of proper motion with absorp- 
tion in the violet and the increase of this effect with spectrum type 
toaless extent. Soon after Table I had been prepared, Mr. Adams 
completed his determination of the absolute magnitudes of certain 
F5-Kg stars on the basis of differences in spectrum lines. 

A comparison of the results of Table I with these new data 
gave Table II, in which “absorption in violet” is the amount of 
density by which the part of the spectrum about \ 4250 is weaker 
than that about A 4930. 


352 


RELATION OF INTENSITY TO ABSOLUTE MAGNITUDE 3 


This is suggestive of a relationship between absorption in the 
violet and absolute magnitude—a result which substantiates that 
obtained by Adams and ,Kohlschiitter, who compared stars of 
average apparent magnitude 6.0 having small proper motion with 


TABLE I 

Density at Density at 

Average Type Average m Spe. Nae hd 
ESC ae oricstoeee 01020 0.41 0.35 
1 i ect ey oe 0.330 0.39 0.35 
POet cette 0.015 ©.40 0.36 
Ba epee’ oece 0.370 0.42 0.36 
Ge oer eee 0.018 0.27 0.38 
(52 Sn eos caer ©.600 0.33 0.38 
Orne ae oe 0.012 ©. 29 0.43 
AGF ee ayant ont 0.660 0.33 0.43 
Le eer ae 0.017 0.23 0.39 
ESA ori none 0.600 0,28 0.39 


stars of fainter average apparent magnitude and large proper 
motion.t Consequently their differences in absolute magnitude 
were greater than those for the stars of Tables I and II, which were 
based on proper motion alone, apparent magnitude being dis- 


regarded. 
TABLE II 


Absorption in Differences of Abso- 
i lute Magnitude 


Average Type iolet 
Large »—Small » Large »—Small 


OH 7 esa Seger ata +0.02 +1.8 
Ci Oso naceonaoges 0.06 4.0 
C7 Be Nite nino 0.04 2.7 
KS ore erent iets +0.05 +4.4 


All of the density measures which could be so used were then 
tabulated according to absolute magnitudes, giving, as a final 
result, Table III. The average deviation of a single star from the 
mean “absorption in violet”? in the last column of the table is 
+0.09. 

I Mt. Wilson Contr., No. 89, p. 1; Astrophysical Journal, 40, 385, 1914. 
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Few stars were available having A-type spectra and large proper 
motion. A comparison of this scanty material shows very little 


TABLE III 

Type No. of Stars | Average Type Average « Average M evrieiete in 
F3-Fo....... 18 F6.1 oforo +1.7 +o.o1 
33 F6.0 0.500 +4.8 —0.05 
Go-G4.....- 17 G2.7 0.015 +0.6 +o.12 
28 G2.0 0.660 +5.2 +0o.02 
Gs-Go. ce 5t G7.0 0.011 +o0.9 +o. 20 
‘ 22 G7.2 0.690 =[-050 +0.07 
Ko-Kq4...... 26 K1.4 ©.017 +1.5 +0. 32 
18 K2.5 ©. 680 +6.6 +o.16 

I eee ee re rel rae eran Mons Gad Gase Gob udilonooccoo0ol5 
Io K7.0 ©. 700 +7.7 +o.22 


difference in absorption, the spectra of stars which were used 
having large proper motion being slightly weaker in the violet. 


60 
5.0 


AQ 


3.0 


2.0008 0/0 O15 


Fic."1.—Abscissae: Differences of photographic density in the violet for stars 
of large and small absolute magnitude. 
Ordinates: Differences in absolute magnitude. 


This result, together with those expressed by Table III, is similar 
to that obtained by Van Rhijn.t 


*Deriwation of the Change of Colour with Distance and Apparent Magnitude 
(dissertation, Groningen, 1915), p. 73. 
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Plotting the differences in M for each type against the differ- 
ences in absorption in the violet, the curve in Fig. 1 is obtained. 
The relationship which seems to exist between absolute magnitude 
and the relative weakness in the violet of the stars having small 


| 
Fo Go fo awe 


Fic. 2.—Variation of absolute magnitude with spectrum type 


proper motion leads to the conclusion that at least the greater part 
of this effect is due to differences in absolute magnitude rather 
than to absorption of light in space. 

No stars of large absolute magnitude between K5 and Ko were 
originally available. Seventy-six additional stars of small average 
proper motion and about 1.5 magnitudes fainter in apparent 
magnitude than the stars having small proper motion used above 
have been measured. Mr. Adams has found their average absolute 
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magnitude to be +2.1, about one magnitude fainter than those 
used in Table III. Although the values for the violet absorp- 
tion fall between the two groups compared, these stars have been 
omitted, in part because of uncertainty in their proper motions, 
and in part because many of the photographs are of inferior quality. 

An interesting relationship is shown in Fig. 2, in which the 
average absolute magnitudes of the stars used are plotted against 
spectrum type. The faint dotted lines show the range of mag- 
nitude within each group. The dotted ovals represent seven 
F and four G stars measured, but not used in this discussion. It 
will be seen that there is an absence of intermediate magnitudes 
for the latest types, a result in agreement with the hypothesis of 
giant and dwarf stars as discussed by Hertzsprung and Russell. 
It is probable that the greater irregularity of the curve in the case 
of the stars of small proper motion is due mainly to the relative 
uncertainty in the determination of their absolute magnitudes. 

The photographs of spectra used in this discussion were obtained 
under a wide variety of conditions, and the results, accordingly, 
are to be considered mainly from a qualitative point of view. It 
seems reasonable to conclude from them, however, that with the 
aid of photographs taken with this purpose directly in view, the 
relative intensity of the violet portion of the spectrum, together 
with spectrum type, might be employed to provide values of abso- 
lute magnitude of a fair degree of accuracy. 

I am indebted to Mr. Adams for much valuable criticism during 
the progress of the work and in the preparation of this paper. 


Mount WILson SOLAR OBSERVATORY 
May 1916 
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THE ACCURACY OBTAINABLE IN THE MEASURED 
SEPARATION @F - CLOSE, SOLAR “LINES: .SYSTE- 
MATIC ERRORS IN THE ROWLAND TABLE FOR 
SUCH LINES 


By CHARLES E. ST. JOHN anp L. W. WARE 
I. INTRODUCTION 


Close pairs of solar lines play such a réle in the search for evi- 
dence of mutual influence between neighboring lines in the solar 
spectrum—a deduction from the anomalous-dispersion hypothesis— 
that it is important to have an idea of the accuracy obtainable in 
their measurement, and hence of the relation that the errors bear to 
the probable magnitude of the suggested effect. The investigation 
thus necessitated is also preliminary to a determination of the 
wave-lengths of the solar lines in international units, and in par- 
ticular is an effort to develop a method of measuring the wave- 
lengths of such as have lines closely adjacent. 

In investigations on the resolving power of spectroscopes, a com- 
plex line is considered to be resolved when the intensity at the 
midpoint of the overlap between two lines of equal intensity is 0.81 
of the maximum for the single lines. For precision in the measure- 
ment of close doubles in the solar spectrum the important considera- 
tion is the lower limit for the difference in wave-length between 
lines of a specified intensity and character, that can be measured to 
a given accuracy with the spectrographs and photographic plates 
now available, rather than the resolving power which shows the line 
as double. Though the foregoing standard of resolution is sufficient 
for determining the complex character of a solar doublet, the 
accuracy of the wave-length determination for the separation im- 
plied by it has not previously been investigated. Moreover, since 
the conditions presented by the unequal intensity of the back- 
ground on the two sides of each component are such as may intro- 
duce systematic personal errors, it has seemed desirable to examine 
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this question in detail; and, in fact, the results of the examina- 
tion form an important portion of this contribution. 


2. APPARATUS 


For the present investigation an excellent grating by Anderson 
has been at our disposal through the kindness of the Physical 
Laboratory of the Johns Hopkins University. The ruled surface is 
t14160 mm and the number of lines is 95,000. The definition 
is all that can be asked, even when the whole surface is used. As 
determined from the iodine absorption lines, the excellent per- 
formance is retained up to and including the fifth order. It has 
been used as a Littrow spectrograph, focus 30 feet (9.14 _m), in 
connection with the 60-foot tower telescope. For comparing 
the results given by large-scale spectrograms obtained by long 
focus and high resolving power, respectively, a series of plates 
was taken with a large grating by Michelson, number of lines 
77,500, used in the 75-foot spectrograph of the 150-foot tower | 
equipment. ‘The slit-width was usually four-normal, but for the 
very difficult separations a two-normal slit was employed, giving 
94.3 per cent of the resolution for an indefinitely narrow slit’ with 
monochromatic light. Commercial photographic plates have been 
used as follows: for the blue-violet, Seed Process plates; for the 
green, Cramer’s X-ray for the most part, but in special cases where 
fineness of grain was particularly important, Process plates sensi- 
tized with pinaverdol; for the yellow-red, Wratten ‘““M” plates 
and Seed Process sensitized according to the Wallace formula? 
Backed plates have been used with advantage for some of the most 
difficult separations. 

Upon a plate of an intensity suitable for the general run of lines, 
the measurement of the separation and, hence, of the wave-lengths 
of the components of a close pair, in which one or both components 
are strong lines, is difficult; but with exposure and development 
adapted to the case, somewhat too strong for weak lines, the diffi- 
culties and uncertainties are decreased with a corresponding in- 

«Schuster, Astrophysical Journal, 21, 207, 1905; Zeeman, K. Akad. Amsterdam 
Proceedings, 18, 412-415, 1915s. 

2 Astrophysical Journal, 26, 317, 1907. 
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crease of confidence in the results. The exposure times and the 
intensity of development have been chosen to obtain the best con- 
ditions for the particular separation under consideration. 

For measuring the spectrograms the usual filar-micrometer 
instruments have been employed; in addition a registering micro- 
photometer of the Koch form has been used for purposes of checking, 
and also for some absolute determinations where it appeared espe- 
cially difficult to eliminate the personal equation. 


3. METHODS OF MEASUREMENT 


In the measurement of the separation of close pairs of solar 
lines some means of determining whether the results, barring 
accidental errors, represent the real separation or are affected by 
systematic errors is an important desideratum. That concordant 
values are obtained by repeated measurements of the same or of 
other similar plates by a single observer has little bearing upon 
the question, as possible systematic errors introduced by the 
personal equation of the observer are not thereby eliminated. This 
comes into play in estimating the position of the maximum intensity 
of a line, one of whose edges is seen against a strong continuous 
spectrum background, and the other against a background—the 
region of overlap—whose intensity may differ but little from that 
of the line itself. In order to obtain a check upon the measure- 
ments for ordinarily close pairs, all determinations have been made 
by at least two observers, and in order to vary the conditions 
widely they have been made upon a series of six spectrograms, 
representing the first five orders of the 30-foot and the first order of 
the 75-foot spectrograph. The appearance of a close pair of lines 
differs greatly under these conditions, as the scale of the spectro- 
grams ranges from 1.8 to 0.25 A per mm and the resolving power 
changes by fivefold. Under such widely different circumstances 
any personal error depending upon the proximity and character 
of the adjacent lines will not remain constant, and concordance 
among the results can be taken to indicate the practical elimination 
of such error. For selecting the data to be used in forming the 
final mean separation for a given pair of lines the criterion is, there- 
fore, the degree of concordance between the orders. Beginning with 
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the highest, those orders are included for which the agreement 
between the orders is comparable to that between the measurements 
within the orders. 

For pairs which with the highest resolving power and the 
largest scale employed are not completely separated, but yet 
appear accurately measurable with the filar micrometer, curves 
have been drawn by the registering microphotometer. Separations 
so obtained appear to be least affected by errors, either systematic 
or accidental, and to represent most nearly the true separation of 
the components. 

For doublets at or very near the limit of resolution, whose 
components cannot be sufficiently separated for micrometric 
settings upon their maxima to be made without influence by the 
neighboring line, and are not reproduced as discrete curves by the 
registering microphotometer, the following method has been used 
to obtain the separation and furnish a check upon the attempted 
micrometer measurements. In such cases it is generally possible 
to make intensity classifications for the components as precisely 
as for the free-standing lines. An inspection of the plate enables 
one to select the free-standing lines that correspond most nearly 
to the components of the complex line. Microphotometer curves 
are obtained for the complex line and the selected list of isolated 
lines, the sensitiveness of the instrument being held constant 
during the run over the plate. From the curves of the isolated 
lines one selects those that conform to the violet and red branches 
of the compound curve, superposes the negatives so that the corre- 
sponding branches of the three curves are coincident, and measures 
the distance between the axes of the constituent curves. ‘The scale 
of the spectrograms used for this° purpose, 1mm=o.30A, is 
increased fifty fold by the microphotometer; so that the scale of the 
curves is tmm=o.006 A. The measurements are made with 
sufficient accuracy with a fifth-millimeter scale. The operation is 
an analysis of the doublet, since one determines not only the separa- 
tion but also the form and intensity of the components. 

A less satisfactory procedure is to measure upon the original 
spectrogram the widths of a large number of isolated lines of the 
same nominal intensities as the components of the doublet, by 
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setting upon their edges as in the measurement of star-images. Sim- 
ilar settings are made upon the free edges of the complex line. Its 
width decreased by the half-widths of the two sets of free-standing 
lines furnishes a measure of the separation of the components. 
The weak point of the method lies in the fact that lines of the 
same nominal intensity vary greatly, even in the same spectral 
region, as shown by the curves of widely different heights and 
characters which they yield; but by including several reference 
lines of each intensity the results are in fair agreement with those 
given by the microphotometer. 


4. ILLUSTRATIONS OF THE METHODS 


a) Filar micrometer —A number of doublets in the violet region 
were measured for separations upon a fifth-order plate of excellent 
definition, scale 1 mm=o.29 A. One exposure was measured 
by an observer five times at intervals extending over two months; 
three exposures were measured by another observer, once each. 
Both observers had had experience in the measurement of solar 
lines. The results are shown in Table I. In the first column 
between the Rowland wave-lengths, an indication is given of the 
appearance of the doublets. The symbol s<<<<c means that 
the space between the maxima is very much less dark than the 
continuous background bounding the free edges of the components, 
i.e., the doublet is barely resolved; while for the pair at \ 4457, s=c, 
there is practically complete resolution. In the eighth and ninth 
columns are the means of the series of 5 and 3 measures, and in 
the tenth column the differences between the Rowland and the 
mean Mount Wilson separation. These differences are all positive 
and indicate an average systematic error of 0.006 A, either in the 
Rowland tables or in the Mount Wilson measures, carrying with it 
a corresponding error in the wave-lengths of the constituent lines. 
In the last column are given the separations obtained by the same 
observers upon a third-order spectrogram of excellent quality. The 
agreement with the fifth-order plate is mutually corroborative. 
The systematic character of these discrepancies between the Row- 
land and Mount Wilson results lends them a greater significance 
than their magnitude alone would imply. Further evidence of 
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their reality and the reasons for considering them actual errors 
in the Rowland values will be given in later sections of the paper. 

b) Registering microphotometer.—The Mg-Fe pair at \ 5167 and 
the Fe pair at \ 5169 furnish examples of the unrecognized diff- 
culty and the unsuspected systematic errors that occur in filar- 
micrometer determinations of separations apparently within the 


TABLE I 


MicroMEetric MEASURES ON CLOSE Parrs OF SOLAR LINES 


Order V Rowland 


Pairs |\Int. minus oe 
ree reser Mee pie) 2 

4455 .980 2 

SSK <O . .|0.067|0.078|0.072!0.072/0.075 0.073/0.078} +0.009 0.074 
6.064 3 | 

4457.600 2 ; 

S=C ..| «108] .107|>.105| 7406) . 104] 506) {106/000 .108 
.712 2 

4459.199 2 

SKK <E ..] .093] .098] .093] .094] .096| .095] .093] + .008 .OgI 
301 3 

4464 .844 2 

S<C ..| .088] .086] .088) .088) .088) .088} .ogo} + .005 .OQI 
.938 I 

4472.884 I 

SIE ERG ..| .079| .080) .068] .078) .082]} .077| .082] + .004 .076 
.967 ° 

4476.185 4 

SiGGG ..| .O7I] .065| .067] .064) .064| .066| .068) + .oor .070 
- 253 3 

4482. 338 5 

Ae ae - .]0.091/0.091/0.089]0.096)0.092/0.092/0.097 +o.006 0.094 
43 3 

IVE CATIT= ic |teceocoull sheneincenieetemart aren arn eames Sears latins ken Rene AORN Ns Seba 


range of ordinary methods. In these cases the resolution under 

high power is so nearly complete that it has not been easy to con- 

vince one’s self that the micrometer settings upon the components 

are subject to the systematic errors that appear when the results 

are compared with those obtained from the registered curves. 

In Plate X (a) a spectrum of the fourth order is reproduced, magni- 
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fication 4.7, and in Figs. 1 and 2 are the corresponding curves 
drawn by the registering photometer. 

Under the title “An Adaptation of the Koch Registering Micro- 
photometer to the Measurement of the Sharpness of Photographic 
Images””* Tugman shows that the upper slit of the microphotometer 


Fic. 1.—Microphotometer curve of Mg-Fe pair Fic. 2.—Microphotometer curve 
d 5167. of Fe pair \ 5169. 


should not cover more than one-fifth of the total width between 
maximum and minimum density, ie., the half-width of the spec- 
trum line; but that with slit-widths less than o.75 mm the pin- 
hole effect begins to enter, which falsifies the density-gradient by 
widening the base of the curve. Such an effect, while distorting the 
curve and lowering the resolution by the basal widening, does not 
shift the axis of the curve for an isolated line; and the free portions 


t Astrophysical Journal, 42, 321, 1915. 
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of the components of a nearly separated doublet, such as the pair 
at \ 5167 or at \ 5169, appear to be unaffected. 

The shortest distance between maximum and minimum intensity 
occurs between the lowest point in the region of overlap and the 
peak of the smaller curve. Upon the high-dispersion spectrogram 
used the horizontal distance is 200 for \ 5167. The objective 
magnifies fivefold; with a slit-width of roo » one-tenth of the 
image of the half-line is covered. The symmetrical character of 
the free portions of the two curves strikes one at a glance. The 
distance between their axes is 430 w=0.158 A. Three observers 
with long experience in the measurement of solar lines by the filar 
micrometer found separations of 0.175, 0.169, and 0.172 A, 
respectively. That of the Rowland table is 0.181 A. 

Third- and fifth-order spectrograms yield separations consistent 
with those of the fourth order, showing similar discrepancies between 
micrometer measures and the values derived from the registered 
curves. If the Rowland value represents the true separation, there 
must be a relative instrumental displacement of the axes of the 
curves of 3 to 4mm, which seems inadmissible. The two methods 
show similar results for the pair at \ 5169, namely, 0.122, 0.136, 
and o.151 A for the registering microphotometer, filar micrometer, 
and Rowland, respectively. To ascribe such discrepancies to 
systematic errors in the filar-micrometer settings, as seems the 
probable explanation, is a decided shock to all the observers, since 
they thought in advance that the settings could be made without 
systematic errors. The resolution upon the original spectrogram 
is more nearly complete than the curves indicate, as the pinhole 
effect has accentuated the overlap. 

c) Analysis.—For pairs with components of intensities 3 and 4 
on the Rowland scale the limit of resolution measurable by mi- 
crometer appears to be in the neighborhood of 0.10 to 0.15 A, 
increasing with the wave-length. In Table II are given the 
separations for very close pairs determined by micrometric settings 
upon the maxima of the components, upon the edges of the 
doublets and the reference lines, and by analysis of the curves 
registered by the microphotometer. The spectrograms were taken 
in the fifth order, the scale varying from 0.23 to 0.30A per 
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millimeter in passing from the green to the violet. The seventh 
column in Table II contains the unweighted means of the three 
methods of determinatien, and the last the Rowland minus 
Mount Wilson differences, which again are all positive with a 


TABLE II 
COMPARISON OF METHODS FOR THE SEPARATION OF PAIRS AT THE Limit oF 
RESOLUTION 
RowLaND Fitar MIcRoMETER 
: ANALYSIS Be R—Mr. W 
Wave-Lengths Int. AA On Max. | On Edges 

4204.I01 3 

SR EG eee 0.062 0.046 0.040 0.041 0.042 |+0.020 
.163 4 

4219.516 4 

SERRE SETI oss .064 .053 .O45 .049 “O4Q |FE 2015 
. 580 3 

4476.185 4 

Re ae .068 .068 .063 .068 .006- j|-- .002 
+253 3 

4482. 338 5 

RR Ge ae art ener . 100 .094 .O81 .087 FOS 7 ui Ols 
.438 3 

4878 .313 3 

Sie ON oe NW apse sr .0904 .093 .086 .086 .088 |+ .006 
-407 - 

5264.329 4 

SEER ae .086 .079 .068 .075 1074 |=) O12 
-415 3 

5270.438 3 

SOG faicievess 0.120 0.104 0.108 0.098 ©.103 |+0.017 
-558 4 

Mean 

SEIT WW i [arte secre erogenous acs ned let cate od ta acs ations +o.o12 A 


mean magnitude of 0.012 A. The registered curve for the pair 
at \ 4219, Rowland intensities 3 and 4, is reproduced in Fig. 3, 
with curves of the isolated lines \ 4201, intensity 3, coincident with 
the red branch, and ) 4196, intensity 4, coincident with the violet 
branch. The separation derived from these component curves is 
o.o51 A, the Rowland value being 0.064 A. Although the grada- 
tion-curve corresponding to the free edge of the doublet does not 
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represent the actual distribution of energy in the line, it does repre- 
sent the slope and height of a curve due to a free-standing line 
which in intensity and character is identical with the corresponding 
component of the doublet. Any errors, due to the pinhole effect, 
in reproducing the density-gradient of the free edges of the com- 
ponents occur also in the curves of the isolated lines of the same 


Fic. 3.—Microphotometer curve of solar pair \ 4219, intensity 3 and 4, with 
curves of isolated lines \ 4196 and 4201, intensities 4 and 3, superimposed. 


form and intensity. A simple compounding of the curves would 
yield too high a resultant for the center. This apparent discrepancy 
is referable to the fact that the areas of the registered curve, as 
Tugman shows, do not measure the energy of the spectral lines. 


5. DEFINITIVE RESULTS 


Pairs consisting of lines of intensities 3 and 4 occur more fre- 
quently than any others and offer the most favorable basis for a 
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comparative study. To obtain an extended series of observations, 
thirty pairs with components of these Rowland intensities were 
taken for the measurement of the separations. These are the 
pairs between \ 3900 and X 5270, the separation of whose com- 
ponents is under 0.35 A. As the conditions upon which the dis- 
crepancies between the Rowland and the Mount Wilson values 
depend vary with the spectral region—the width of the lines of the 
same nominal intensity increasing with the wave-length—separate 
consideration is given to the pairs to the red of \ 4000. 

In Table III are assembled the data relative to these thirty pairs, 
which, as far as possible, were measured on each of the six series 
of plates. Vacant spaces in the table mean that the resolution was 
not sufficient for the present purposes of measurement. The paren- 
theses indicate that, though the measurement seemed possible at 
the time, the results were not considered in obtaining the means 
because of the lack of agreement with the more concordant results 
for the higher orders. Whether or not they should be included is a 
matter of judgment; their inclusion, however, would increase the 
discrepancy between the Rowland and the Mount Wilson values. 
The pairs are arranged in the order of decreasing separation; there- 
fore, as one passes down the table, the first-order measures soon 
become uncertain, then impossible, a course followed by the other 
orders in succession. ‘This furnishes the means for fixing a mini- 
mum separation measurable to the indicated degree of precision 
with the given resolving powers and dispersions. This is influenced, 
however, by the wave-length and the character and intensities of 
the lines. The results for the 75-foot spectrograph recorded in 
the twelfth column were not used in obtaining the means, as the 
purpose was to compare the results for the two instruments. As 
far as the measures are dependable they are in excellent agree- 
ment. 

The magnitude of the errors in the Rowland separation depends 
upon the proximity of the components. For the first 6 pairs, 
mean separation 0.274, it is -++o.003; for the following 8 
pairs, mean separation 0.145, it is +o.008; and for the last 
8 pairs, mean separation 0.075, it is +o.or3 A, based upon the 
mean of the three methods used. 
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As is well known, the solar lines decrease in width and the 
spectrograms improve in definition in passing from the red to the 
violet. This change is striking when one attempts measurements 
near the limit of resolution in the two regions in immediate sequence. 
In Part II of Table III are the data for 8 pairs to the violet of 
\ 4000, mean separation 0.107 A, for which the mean error in 
Rowland is +-0.004 A, approximately half that for the pairs to the 
red of \ 4000 with the same mean separation. A difference of this 
order is consistent with the appearance of pairs in the two regions, 
for, in the violet, owing to the better resolution, the contrast between 
the intensities of the background on the two sides of a component 
is much less marked for pairs of like intensity and separation. 

As the Mount Wilson measures, made under the most diverse 
conditions, differ systematically from the Rowland values, the 
assumption of corresponding errors in the Rowland tables seems a 
well-grounded conclusion. The establishment beyond doubt of the 
errors in a few cases may, however, strengthen the evidence that the 
discrepancies in general represent actual errors in the Rowland 
tables. The interpretation of the registered curves for the pairs 
at \ 5167 and at X 5169 given in an earlier paragraph (p. 8) does 
not appear open to serious criticism, as no recognized peculiarity 
in the action of the registering microphotometer has the effect of dis- 
placing the axes of curves for lines so nearly resolved. An example 
still more free from possible criticism is supplied by the solar pair 
at \ 5107. These are lines of the best quality, and are completely 
resolved upon the Mount Wilson plates. A spectrum of the fourth 
order is reproduced in Plate X (6) and the curve in Fig. 4. The 
Mount Wilson micrometer measures give a separation of 0.192 A for 
the mean of 33 measures on the six series of spectrograms with an 
average deviation of 0.002 A. The separation given by the 
registered curve is 0.190 A, while that from the Rowland wave- 
lengths of the constituent lines is 0.204 A, a discrepancy of 
+0.013 A. 

Another example that appeals to the eye, even without measure- 
ment, is found in the pairs at \ 3918 and \ 3919. A spectrum of 
the fifth order is shown in Plate X (c), and the corresponding regis- 
tered curves in Fig. 5. The eye decides at once which is the wider 
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separation, and both the micrometer measurements and the 
registered curves confirm it. The separations deduced from the 
Rowland wave-lengths are 0.099 A and o.101 A, but the separa- 
tions upon the Mount 
Wilson plates are 0.099 
A and 0.093 A, respec- 
tively. 


6. THE ROWLAND PLATES 


Through the kindness of 
Professor Ames some of the 
original plates taken by 
Rowland for the solar 
spectrum map were loaned 
to the Observatory. Two 
plates of the third order 
are especially good, show- 
ing very little grain. In 
the introduction to the 
Preliminary Table of Solar 
Spectrum Wave-Lengths 
Rowland says: 


In some cases when a double 


Fic. 4.—Microphotometer curve of Fe pair | 7. ; i 
d s107. line is particularly difficult to 


separate, measurements are 
given on the two components and also on the line unresolved. This last 
measurement is placed in parenthesis between the other two measurements. 
Thus: 


W.-L. INTENSITY 
iW iokey” Uy WR PONS a ntcan Mayas a Siero sch 3 

(G7338400) ee epaeresee sare eee rea 6rd 
£3723 NC OD) syhara nialer ene act eases 2 


means that there is a line at w.-l. 3738.466 with the intensity 6; and that 
with good definition this line may be resolved into two components having 
intensities 3 and 2 and the given wave-lengths. 


Such a complex appearing in the table at \ 3926 is well resolved on 

the Rowland plates, more plainly resolved, in fact, than other doubles 

on the plates, which, from the absence of any indication to the 
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contrary, were measured without difficulty. It is thought, there- 
fore, that the quality must have been considered very satisfactory 
by Rowland and Jewell. Though the Rowland plates excel the 
Mount Wilson plates (Seed Process) in fineness of grain, the slightly 


TABLE IV 
COMPARISON BETWEEN Mount WiLsoN AND ROWLAND THIRD-ORDER PLATES 
RESOLUTION AAconee, ROWLAND 
d RowLanpd| TABLE 
Seer Rowlahd [it Wilson!’ an Ate Ww 
. owlan A uson T. 
Sey ie Pratt 
3910.984 | 4\} ._ = 
Pigs 3 S=C S=C ©, 151) | SOnESs) BIMOFES Tall On0o2 
eee Sh) s<<c<<ol Ne <<< <6) 045 a] cota sual tances 
3918.464 | 4\ 
563 4 s<i<e S<C . IOI .098 .099 |+ .oo1 
O09 3\l s<<<e SS -094 .OgI .Ior |-+ .o10 
+309 3 
3926.086 4 
(.123) SRG SEG .075 .069 .079 |+ .o10 
165 13 
3948.818 | 4 
“925 i“ SEE SC . 106 . 100 .107 |-+- .007 
6.476 
395 sho 7 S=C S=C .124 .1I9 127) |= OOS 
3979.664 | 4\) _ = 
“783 3 S=C S=C .120 . 119 . 119 . 000 
3989.912 | 4 
90.011 3f SG S<m<E 094 .004 2OOQis | tamOOS 
024.726 
Ss aihee S=C S=C¢ 0.154 ~| 0.156 | 0.155 |—0.001 
Mean... +0.0045 


larger scale of the latter compensates for this, so that, in fact, they 

are somewhat easier to measure. For comparison ten pairs were 

measured upon both the Rowland and Mount Wilson plates. 

The data are shown in Table IV. In the third and fourth columns 

is given an indication of the resolution. For four pairs s=c; the 
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intensity in the space between the components equals that of the 
continuous spectrum background at their outer edges, ie., the 
resolution is complete. The pair at \ 3914 shows only the merest 
trace of resolution. For the other five pairs the resolution upon 
the Mount Wilson plates, though far from complete, is a degree 
better than upon the Rowland plates. 

(a) The Rowland values exceed the Mount Wilson measures on 
the Rowland plates by +0.0023 A; this suggests that the personal 
equation of the observer plays an important réle. (6) The Mount 
Wilson measures on the Rowland plates exceed the measures on the 
Mount Wilson plates by +0.0022 A, i.e., owing to the better reso- 
lution the influence of an adjacent line is less on the Mount 
Wilson plates with a correspondingly lessened tendency toward 
overspacing. The two effects (a) and (b) account for the Rowland 
minus Mount Wilson mean of +0.0045 A. The discrepancies 
between the Mount Wilson and the Rowland separations measured 
upon the same plates are most manifest for pairs near the limit of 
resolution, thus: 


Fairly Resolved Near Limit of Resolution 
R—Mt. W R—Mt. W 

A 3910 2.000 r 39014 +0.005 
SQESE tas y's —.002 2OLO as aes +0.007 
SOUS cee ar +0.001 3926 +0.004 
Biren alate are +0.003 BGO tte eno +0.005 
SGC o ene —0.001 
ACCA eee aes +0.001 


7. DISCUSSION 


In view of the diversity in the methods of measurement em- 
ployed at Mount Wilson and the wide range in the scale and 
resolution of the spectrographic material, it seems probable that 
the effects due to personal equation have been greatly reduced, 
if not eliminated, and that the differences between the Rowland 
and Mount Wilson measures represent systematic errors in the 
former. A tendency toward over-separation of the components of 
close pairs appears to accompany departure from the conditions 
for finest definition. As the Rowland plates were taken for the 
average run of lines, it seems probable that the errors for closely 
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adjacent lines would be systematically positive. That the evidence 
from the Mount Wilson observations is cumulative is seen from the 
data in Table V, where the results from various lines of investiga- 
tion are assembled. The magnitude of the error depends upon 
several factors, the proximity, the intensity, the character, and 
the wave-length of the components. For lines of like intensity and 
character in a definite spectral region the error increases with 
decrease of separation; for lines of the same separation, character, 
and region it increases with the intensity; for lines of the same 
separation, character, and intensity it is distinctly greater for 
longer wave-lengths. 
TABLE V 


Résumé oF DATA 


Pairs 
Source Table I Table II Table Ill Table IV 5167-8950 


Wave-length .| 4465 | 4685 | 4680} 4570 | 4640 | 3940 | 3960 | 3940 5168 
intensityereecne| reas Bas Bes 3.6 an 3.8 3.8 Bhat 6.5 
Separation...| 0.087] 0.073] 0.274] 0.145] 0.075) 0.107] 0.125| 0.080] 0.149 
R—Mt. W.../+0.006| 0.012 ops a cae +0.013|+0.004| 0.000/+0.005| +0.017 


The difficulties of measurement and the systematic character 
of the errors encountered in this investigation occur in the determi- 
nation of the absolute wave-lengths of lines with closely adjacent 
companions. Differential measures upon similar spectra such as 
those of the two limbs of the sun are not subject to such syste- 
matic errors, provided the spectra are of equal intensity, a condi- 
tion that gains in importance when the measurements are upon 
lines not completely isolated. 

A résumé of the circumstances that accompany the systematic 
differences between the Rowland and the Mount Wilson measure- 
ments suggests as a cause a personal equation whose influence 
appears in estimating or neglecting the effect of contrast. Early 
in this investigation a tendency toward an increase in the measured 
separations accompanying a lessened intensity of the photographic 
plate became evident. For example, six Mount Wilson observers, 
including the four with the widest experience in solar work, meas- 
ured the separation of the pair at \ 5455 upon two spectra identical 
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except for a slight difference in intensity. The measurements 
agree in showing a separation upon the weaker exposure greater 
by 0.013 A; an appeal te the microphotometer curves supports 
the smaller value. 

An indication of wider import is that a falling off in definition 
due to any cause is a condition productive of the errors in question. 
It is immaterial whether the decrease in the sharpness of the lines 
with the consequent loss in definition is caused by a slight change 
in focus or a widening of the slit. Two third-order spectrograms, 
No. 56 and No. 199, throw light on the question. Upon Plate 
No. 56, considered at the time to be of excellent quality, seven close 
pairs were measured by three experienced observers with fairly 
concordant results. Later, spectrogram No. 199 was taken in the 
same region with a two-normal slit and a backed plate. The plates 
were taken with the same focal setting and are practically of the 
same intensity, but No. 199 is very superior in definition. The 
five exposures were measured by two of the previous observers with 
very concordant results, which appear in Table VI, together with 
those from a fifth-order spectrogram. The separations given by 
No. 56 are consistently larger than those from No. 199, the average 
difference being +-o.008 A. ‘The differences, moreover, are greater 
for the pairs nearest to the limit of resolution. For four such pairs 
it is +o.012, while for the three of better quality it is +-0.004 A. 
The appearance of pairs very near the limit of resolution is extremely 
sensitive to instrumental conditions, 1 mm change of focus in the 
30-foot spectrograph—one part in nine thousand—being recogniz- 
able in the spectrum of close pairs in which both lines are of good 
quality. The close agreement between Plate No. 199 and the fifth- 
order plate furnishes a criterion for deciding between the two third- 
order plates and for the rejection of the measurements made 
upon No. 56. 

An explanation of these discrepancies based upon the psycho- 
logical effects of contrast appears to be in harmony with the 
observations. On line 5167, Plate X, represented by the curve 
in Fig. 1, the intensity at the symmetrical points B and C is the 
same, but B is seen against the relatively strong continuous back- 
ground at A, while C is seen against the weaker background at D. 
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Under the influence of the difference in contrast, B appears of 
greater intensity than C and is of greater influence in estimating 
the position of the maximum, which is consequently moved outward. 
A similar effect operates in fixing the maximum of the adjacent line; 
the combined result is therefore a separation more or less in error in 
the positive direction, the amount depending upon the personal 
equation of the observer. The observations show that the increase 
in this contrast difference, which occurs whenever the intensity 


TABLE VI 


INCREASE IN SEPARATION ACCOMPANYING DECREASE IN DEFINITION 


A Int. Plate 56 Plate 199 nee 56—Platero9| Order V 
Coe . See erhe 0.086 0.074 0.012 ATS 
coe A Peon .I12 1.08 | = Ger! . 106 
#459 100 | Rateh 104 091 + .013 095 
Ta 5 BAe hee. z .093 Og + .002 -088 
ators Bea eee 082 |  .076 | + .006 077 
ee x Rela 082 070 | + 012 066 
gees : Me Ae 0.104 0.094 0.010 C02 

I Eh Wereomallbaectaocatacoe 0.095 | 0.086 4.008 0.085 


in the region of overlap is decreased relatively to that of the con- 
tinuous spectrum, is accompanied by increase in the measured 
separation. The influence in question appears in the case of the 
pairs at \ 5167 and at \ 5169, where the micrometer measures always 
exceed those made by the registering microphotometer (p. 8); 
also in Table II, where the micrometer results for the maximum 
average larger by o.005A than those found by analysis, and in 
Table VI, where the spectrogram taken with a wider slit gives 
separations greater by 0.008 A than Plate No. 199. 
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When the spectrograms differ only in intensity, the matter is 
complicated by photographic effect. Whether or not increase of 
exposure lessens the difference in contrast on the two sides of a line 
in a close pair depends upon where on the characteristic curve of the 
plate the density of the continuous spectrum and that of the region 
of overlap, respectively, fall—a question not yet investigated. The 
effect studied by Eberhard’ may also be of influence, though from an 
investigation by Koch? it appears to be negligible. 

The wave-lengths of 54 solar lines separated 0.25 to 0.50 A 
from adjacent lines have been measured upon plates of high dis- 
persion, the neighboring free-standing lines being used as standards. 
The mean variation from Rowland is +o0.003 A. As over 250 
lines were used for reference, it appears that the accidental errors 
in the relative wave-lengths of the Preliminary Table of Solar Wave- 
Lengths for lines practically isolated are much less than +o.o1 A, 
a value frequently assumed. It is probable, as Frost and Adams? 
remark, that errors of this magnitude occur but rarely, and mainly 
then for lines whose measurement is inherently difficult, such as the 
very weak or strong lines. The proximity and character of neigh- 
- boring lines introduced disturbing elements that have apparently 
affected the results for closely adjacent lines and given the errors 
a systematic character. Information upon which to base a dis- 
criminating judgment has not been available, and the user of the 
table, who has not solar spectrograms of high dispersion at com- 
mand, could hardly do otherwise than ascribe equal precision to the 
data for lines that appear in the table without distinguishing signs, 
though the errors for certain classes of lines are relatively large and 
systematic. 

SUMMARY 

1. The measurement of solar lines near the limit of spectro- 
graphic resolution is a matter of extreme difficulty and liable to be 
systematically in error. 

2. The Mount Wilson separations have been determined, as 
far as possible, upon each of five series of spectrograms with dis- 
persions varying from 1 mm=1.8 A to 1mm=o.23 A. 

t Phys. Zeit., 13, 288, 1912. 2 Annalen der Physik, 42, 1, 1913. 

3 Publications of the Yerkes Observatory, 2, 155. 
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3. Separations obtained from curves produced by the registering 
microphotometer are, for incompletely separated components, 
smaller than those found by filar-micrometer settings. 

4. For pairs near the limit of resolution analysis based upon 
microphotometer curves, settings upon the edges of the doublet and 
of lines similar to its components, and ordinary filar-micrometer 
measurements have been employed. The first appears most 
reliable and yields smaller values than the third. 

5. Separations equal to the theoretical spectrographic resolu- 
tion, though serving to detect duplicity, are not sufficient for filar- 
micrometer measurements of wave-lengths to the third decimal 
place in angstrom units. 

6. Spectrograms of the finest definition yield the lowest values 
for the separation of the components of doublets near the limit of 
resolution. 

7. Filar-micrometer measurements of the separation between the 
components of close doublets varies with the width of the slit, the 
precision of the focal settings, and the density of the spectrograms. 

8. Whatever decreases the intensity of the common region 
relatively to that of the continuous spectrum produces a tendency 
on the part of the measurer toward increased separation. This 
seems to be an effect of contrast, the observer locating the maximum 
nearer that edge of the line for which the contrast is greatest, i.e., 
nearer the free edge. 

g. The differences between the Rowland and Mount Wilson 
determinations of the separation of the components of close pairs of 
solar lines are systematic. For pairs to the red of \ 4000, com- 
ponent intensities 3 and 4, with mean separations of 0.274 A, 
0.145 A, ando.o75 A, the Rowland values exceed the Mount Wilson 
values by +0.003 A, +0.008 A, and +0.013 A, respectively. 

10. That these differences are errors in the Rowland values 
is made probable by the agreement between the diverse methods 
used, by the concordance between the spectrograms of different 
orders, and by the tendency toward over-separation with any 
departure from best conditions. 


Mount WILSON SOLAR OBSERVATORY 
June 1916 
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THE EFFECT OF AN ELECTRIC FIELD ON THE LINES 
OF CALCIUM AND LITHIUM 


By JANET T. HOWELL 
INTRODUCTION 


After the discovery of the Zeeman effect the analogous decom- 
position of spectral lines in an electric field was looked for by many 
investigators. In 1913 the effect was discovered in the diffuse series 
of hydrogen by J. Stark’ and A. Lo Surdo? under entirely different 
experimental conditions. Since then it has been studied in hydrogen 
and helium by both methods and Stark has investigated the trans- 
verse effect for lithium, mercury, and a number of other elements. 

Although a very large number of data have been accumulated 
since the discovery of the new effect, the work in this important 
field is still in its infancy. The results obtained by Stark and Lo 
Surdo differ markedly for the elements investigated, and the num- 
ber as yet uninvestigated is large. The results have a most im- 
portant bearing on atomic theory,’ but, so far, they seem to have 
led to new complications rather than to new solutions. The con- 
tradictions between the results given by Stark and Lo Surdo suggest 
the possibility that the electric effect may vary under different 
conditions, but no definite conclusion on this subject has been 
reached. To make a comprehensive theory of the effect possible, 
much more investigation is necessary. Both the methods employed 
thus far have serious limitations, hence new ways of attacking the 
problem are important. It is especially important, from the point 
of view of solar work, to find a method adapted to the investigation 
of the heavy elements of the reversing layer. Although no new 


t Berichte der K. Preuss. Akad. der Wiss., 47, 932, 1913. 

2 Rendiconti d. Lincei, 22, 2d sem., 664, 1913. 

3A. Garbasso, ibid., 22, 2d sem., 635, 1913; Il Nuovo Cimento, 7, 354, 1914; 
ibid., 9, 376, 1915. W. Wien, Berichte der K. Preuss. Akad. der Wiss., 48, 79, 1914; 
W. Voigt, Annalen der Physik, 4, 197, 1901; Géttingen Nachr. Ges. Wiss., 1914; 
E. Gehrcke, Verh. der deutschen phys. Ges., 16, 431, 1914; N. Bohr, Phil. Mag., 27, 
506, 1914. 
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method has been perfected as yet, a preliminary survey of a large 
number of elements under low dispersion has brought out some 
new and interesting results in calcium and lithium which are 
reported here. 
The results obtained in previous work can be summarized briefly 
as follows: 
STARK’S METHOD AND RESULTS 


The great number of data contributed by Stark and his co- 
workers have been collected and discussed in Stark’s Elektrische 
Spektralanalyse chemischer Atome.t They used the luminous canal 
rays behind the cathode in a discharge tube as the source of light, 
and submitted them to an auxiliary electric field of 28,500-74,000 
volts per centimeter. The source of potential for this auxiliary 
field was a dynamo of 4500 volts and a storage battery of 3800 
volts. Jn his earlier work Stark used a small concave grating of 
1.5 m radius giving a dispersion in the first order of 1mm=g A. 
Later, in photographing the fine division of the hydrogen lines, he 
decreased the dispersion somewhat, but more than doubled the 
electric field. He used two methods for obtaining the spectra of 
elements in the electric field: (1) a luminous gas, (2) the bombard- 
ment of the salts of alkali metals by the canal rays. He also 
mentioned the possibility of producing metallic lines by the bom- 
bardment of metal electrodes by canal rays. 

Stark investigated the transverse effect for H, He, Li, Hg, Al, C, 
Ca, Mg, Na, and Th, and the longitudinal effect for H and He.? In 
both cases he observed in a direction perpendicular to the direction 
of motion of the canal rays in order to avoid complications due to 
the Doppler effect. The general conclusions derived from his results 
have been summarized by Fulcher? and may be put briefly as 
follows: : 

1. The diffuse series of H, He, and Li show a separation directly 
proportional to the field-intensity and of an order of magnitude of 
3-18 A for a field of 28,500 volts per cm. 

t Leipzig: S. Hirzel,.1914. 

* Annalen der Physik, 43, 965, 1914; J. Stark and G. Wendt, ibid., 43, 983, 1914; 
J. Stark and H. Kirschbaum, ibid., 43, 991, 1017, 1914; J. Stark, ibid., 48, 193, 1915. 

3 Astrophysical Journal, 41, 359, 1915. 
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2. The hydrogen components are symmetrical as to the dis- 
placement from the original line and probably as to intensity in 
sources at rest. The red*components are more intense when the 
field and the motion of the luminous particles are in the same 
direction, and the violet components when they are in the opposite 
direction. 

3. Helium and lithium show asymmetry both as to intensity 
and as to displacement. 

4. Unlike the magnetic effect, the electric effect varies from line 
to line of the same series. The number of components and the 
maximum displacement increase with the term-number. 

5. The diffuse series shows large effects, while the separation in 
the sharp main and subordinate series of He and Li is less than 1 A 
except for the He lines \ 3613.8 and A 4169.1. 

6. Lines of Al, C, Ca, Hg, Mg, Na, and Th show practically no 
effect. "The displacement in the diffuse series of Hg is the largest, 
being of the order of magnitude of 0.4 A. 

7. In the transverse effect the components are polarized, the 
outer lines parallel to the field, the inner perpendicular. 

8. In the longitudinal effect of hydrogen and helium the lines 
are unpolarized and agree in number and position with the perpen- 
dicular components of the transverse effect. 


LO SURDO’S METHOD AND RESULTS 


Lo Surdo observed the region immediately in front of the 
cathode in a discharge tube, where the luminosity of the negative 
glow and the sudden fall of potential fulfilled the conditions for 
electric decomposition. Investigating the conditions in the dark 
space,’ he showed that the increase in the cathode fall at a certain 
pressure depends solely on the current-density. He therefore used 
very narrow tubes. He found, experimentally, that when the plain 
electrode completely fills the tube, the length of the dark space is 
independent of the diameter of the tube. It is essential, in any 
case, to have the electrode completely fill the tube so that the lines 
of force may remain parallel. 


t Il Nuovo Cimento, 9, 368, 1915. 
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In his earlier work Lo Surdo used a tube of 4 mm internal 
diameter and 20cm long, but later decreased the diameter to 
1.5mm. The pressure was regulated in general to a 2mm dark 
space and the tube was excited by storage batteries giving a poten- 
tial difference of 5000-8000 volts. The image of the region in 
front of the cathode was polarized by a nicol and focused on the 
slit of a 4-prism spectroscope. In the transverse effect the varying 
electric field gives the lines the shape of a Y, making it easy to 
identify the components. 

The hydrogen results given by Lo Surdo! and Puccianti? differ 
somewhat-from those of Stark. Lo Surdo finds two parallel com- 
ponents in all the hydrogen lines investigated (a, 8B, y, 6) and per- 
pendicular components agreeing in number with the term-number 
of the series. Stark, even in his early papers, found more com- 
ponents than this, and his latest work shows the hydrogen lines to 
be very complex. Lo Surdo’s examination of the jonetadiaal effect 
in Hy agrees with Stark’s result. 

Brunetti? has recently published two papers on the electrical 
decomposition of helium lines. The work shows the presence of 
very interesting satellites which follow a different field law from 
the regular components. The components are, in general, somewhat 
different from Stark’s, especially as regards polarization. 


APPARATUS 


The apparatus used in this work was essentially of the Lo Surdo 
form. Professor Stark was kind enough to prepare for the Mount 
Wilson Observatory a hydrogen tube, of the ingenious form devised 
by him. But as the life of such tubes is short, and as no glass- 
blower having sufficient skill to make others was available, we were 
compelled to have recourse to the very simple form of tube used by 
Lo Surdo. Moreover, Stark has made a survey of most of the more 
promising elements with his apparatus, but the Lo Surdo tube has 
been applied only to hydrogen and helium. The discordant results 
of the two schools of investigators seemed to indicate that the 

t Rendiconti d. Lincei, 23, 1st sem., 82, 143, 252, 326, 1914. 

2 [bid., pp. 329, 331, 1914. 

3 I] Nuovo Cimento, 10, 34, 41, 1915. 
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nature of the Stark effect is dependent on the mode of excitation. 
So the application of the Lo Surdo method to all the available 
elements was a hopeful-point of departure. A diagram of the 
apparatus is shown in Fig. r. 


TQ PUMP== 


V 
TO HYDROGEN 


ig" 
A 


¥ 
+ 
FIG. 1 

T=Tube 

V =Valve tube for rectifying the discharge 
I=Induction coil 
N=Nicol 

S=Slit of 3-prism spectroscope 


The spectroscope contained three prisms, two of ultra-violet 
glass, one of quartz (compound right- and left-handed), and gave a 
dispersion of 1mm=18 A at Hy; tmm=12Aat Hand K. The 
source of light was placed directly in front of the slit with a small . 
nicol interposed. This arrangement introduced some astigmatism, 
but, as only the maximum displacement was measured, the inte- 
grated effect along the line did not interfere. As the collimator 
was entirely filled, the arrangement was economical of light and 
also of space. An oil pump was used which held the pressure 
steadily at about 6 mm dark space. No value can be given for the 
current through the tube as no suitable instrument was available 
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for measuring it. The current in the primary of the coil was 11 
amperes, the voltage 110, and a Wehnelt interrupter was used for 
which the maximum spark-gap of the coil was 17cm. A valve 
tube in the circuit rectified the discharge. 

As the tube cracked on overheating, it was run intermittently 
and not more than three minutes at a time. The interval covered 
by the exposure varied from 30 minutes to 6 hours, the actual 
exposure being about one-half this time. Seed “27” plates were 
used. The tube was a simple T-tube of heavy-walled glass tubing 
with electrodes sealed in at the ends. The internal diameter was 
6mm and the length 20cm. The electrodes were solid cylinders 
of metal nearly filling the tube and were sealed in with fine platinum 
wires. Three types of tubes were used whose cathodes are shown 
in Fig. 2. 


(a) (0) (c) 


Fic. 2 


S=Slit of spectroscope 
C=Cathode 


Types (a) and (6) were used in the transverse effect. When the 
electrodes were of aluminium, which did not sputter to any extent 
during the life of the tube, the simple form (@) was used. When 
the cathode was made of a metal that sputtered easily, or when a 
salt was used on the cathode that discolored the sides of the tube, 
type (b) was found to be very satisfactory indeed. Type (c) was 
used in the longitudinal effect and worked well except for its 
extreme fragility. Types (a) and (6) lasted for several days, if 
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used with care and caution, but in (c) the impact of the rays melted 
the glass directly opposite the cathode and the life of the tube was 
only from 30 minutes to an hour. A new tube could be made and 
set up in 20 minutes, but the fragility seriously limited the length 
of exposure possible. If any further work is done with tubes of 
this type it would be well to make them of quartz. 

Photographs of the transverse effect showed electrical com- 
ponents in the Y-shape described by Lo Surdo. In the longitudinal 
effect the electrode did not entirely fill the tube, with the result 
that the field fell off at the edges and the components tapered 
inward and were easily identified. 


METHODS OF OBTAINING SPECTRA 


The discharge tube was always filled with hydrogen so as to 
have standard lines for field determination. The metallic cathode, 
bombarded by anode rays, gave the spectrum of the metal close 
to its surface, in just the proper region for observing the electric 
effect. This was true of all the metals investigated. Stark men- 
tioned this method of obtaining spectra in a vacuum tube. Gold- 
stein’ investigated the phenomenon and found that the spectra 
appeared only when the gas in the tube was nitrogen, and were 
much strengthened at a liquid air temperature. Robinson? recently 
published a paper on the cathode spectra of metals. He was able 
to obtain spectra in H, CO, and, with special brilliance, in O, but 
found it necessary to have thin cathodes. No evidence of metallic 
lines was obtained with electrodes 1-2 mm thick. Since I had no 
difficulty in producing brilliant metallic spectra near the cathode 
with cylindrical electrodes of 5 mm diameter and from 1.5 to 2 cm 
long, it follows that the thin electrode is certainly not necessary. 
The spectra were obtained with about equal brilliance in air, oxygen, 
and hydrogen. Comparative photographs were taken of the 
cathode spectra of aluminium and iron at different pressures and 
there seems to be no particular connection between the cathode 
spectra and the sputtering of the metal. Although iron sputters 
easily, and aluminium almost none at all, the aluminium spectrum 

t Physikalische Zeitschrift, 6, 14, 1905. 

2 Astrophysical Journal, 42, 473, 1915. 
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was obtained over a larger range of pressure than the iron spec- 
trum. The aluminium lines \ 3962 and A 3944 appeared before the 
pressure was low enough for the Crookes dark space to appear 
and at 3-4 mm dark space they extended 3 cm from the electrode. 
The iron spectrum does not appear until the pressure is reduced 
to 3mm dark space. The spectra of Fe, Ni, Al, Mg, Zn, and Ca 
were obtained by this method and, as found by Robinson, they were 
in general like the spark. The metallic lines are easily identified, 
as they are more intense near the cathode, and it seems likely that 
further study of them will bring out many interesting differences 
from arc and spark spectra. So far the only one that has been 
studied in detail is the copper’ spectrum. In the cathode spectrum 
of magnesium there were three lines which clearly originate in the 
electrode and which do not agree with any known magnesium lines. 
The wave-lengths are 4155, 4113, and 4103. The last is probably 
the same as A 4106.8 given by Fowler, but the other two seem 
to be new. 


Fic. 3 


When the cathode was covered with a thin coat of the chloride 
of a metal, carefully dried, the bombardment of the salt by the 
anode rays gave a very brilliant spectrum. Li, Ca, and Sr were 
used in this way. When using salts, the (6) or (c) type of tube 
was found best because the walls became discolored very fast. In 
order to renew the supply of salt between exposures the electrodes 
were made demountable as shown in Fig. 3. The electrode was 
sealed in at a with sealing wax. 


METHOD OF MEASURING PLATES 


The hydrogen lines H6 and Hy were used to determine the 
field-strength for each plate. H§ gave a very clear separation when 


t Astrophysical Journal, 42, 473, 1915. ? Proc. R. S., 71, 419, 1903. 
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polarized parallel, but was too indistinct for measurement 
when polarized perpendicular to the field. Hence for these plates 
only Hy could be used. Zhe red component of Hy was usually 
confused by an air line. On some plates this line was absent, but 
whenever it was present only the violet component was measured. 
The field-strength was determined from Stark’s measurements for 
the separation at 28,500 volts per centimeter. His later work 
showed the hydrogen separation to be symmetrical, and he claimed 
much greater accuracy for the total separation than for the dis- 
placement of the components from the center given in his earlier 
paper. It seemed best, therefore, to multiply the displacement of 
the violet component by two and use this value for the total sepa- 
ration when the red component could not be measured. A certain 
amount of inaccuracy is introduced here because the intensity of 
the components is slightly unsymmetrical for moving sources and 
this might shift the center of the middle component to one side. 
As no shift could be detected in the middle component, the error 
is apparently less than the error of measurement. There is, how- 
ever, a large error in this method of determining the field-strength. 
Stark thought that his calculation of the field-strength from the 
potential difference and the distance between the electrodes was 
probably too large; hence the resultant separations for a given 
field-strength were probably too small. Also there is great likeli- 
hood that the magnitude of the separation may vary somewhat 
in going from the Stark to the Lo Surdo method where the condi- 
tions are different. This seems especially likely, since the field- 
strength often differed by 15 or 20 per cent in determinations from 
HB and Hy on the same plate, while the determinations from Hy on 
different plates, taken under the same circumstances, rarely varied 
more than 5 per cent. The general character of the components 
agreed with Stark’s results, except that a single center component 
was always found in Hy when polarized parallel, instead of the two 
faint ones given by Stark. This is probably due to the fact that 
the discharge was not absolutely unidirectional, and that a faint 
unseparated line is superimposed on the components. This in- 
direct process of determining field-strengths undoubtedly intro- 
duces an error that may be as great as ro per cent, but no better 
method was available. 
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Another uncertainty lies in the possibility of a complication 
from the Doppler effect when photographs are taken along the 
field. It is quite possible that this may have.affected the measure- 
ments on Hy. The center line of Hy in the longitudinal effect is 
composed mainly of light from in front of the dark space and 
appears very sharp; consequently there is certainly no Doppler 
effect present there. The components, however, are composed 
almost entirely of light from the negative glow on the surface of 
the cathode where the Doppler effect would be at a maximum. 
However, Stark always found an undisplaced line as well as a 
displaced line in his photographs of the Doppler effect in canal 
rays, and the displaced line varied in displacement and intensity 
with the velocity of the rays. At the pressure used in these experi- 
ments it seems safe to assume that the displaced line, if present, 
would be very faint and very close to the stationary one. As the 
components of Hy are themselves faint, only the stationary line 
would show. Lo Surdo photographed the longitudinal effect for 
Hy and found symmetrical unpolarized components agreeing in 
position and number with those observed by Stark. Apparently, 
therefore, there was no Doppler effect noticeable in his case. H 
and K and Lid 4602 give components strong enough to be confused 
by a Doppler effect, but the components do not show two maxima 
of intensity. At any rate, these lines have not thus far been 
examined in canal rays for a Doppler displacement; nothing defi- 
nite, therefore, can be said about them in this respect. 

The maximum separation of components was selected for 
measurement and their displacement from the center was deter- 
mined by reference to a neighboring unaffected line and to the 
unseparated line outside the field. 

The accuracy of the results varies with the dispersion, and the 
character of the lines. Some idea of the degree of accuracy will be 
given under the results on each line. 


RESULTS 
Entirely negative results were found for Fe, Ni, Al, Mg, Zn, and Sr. 
The aluminium lines )d 3962 and d 3944 were very greatly 
strengthened toward the cathode—more than the increase in 
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intensity at the cathode could account for. Photographs of these 
lines with an echelon showed wings to the red, but they did not 
vary with the field-strength. The aluminium spectrum was exam- 
ined from \ 4860 to \ 2350 with a single quartz prism spectroscope, 
but no electric effect was found. In Mg, Fe, Ni, Zn, and Sr the 
spectra were photographed from \ 4900 to A 3500, and no electric 
effect large enough to be detected with the low dispersion used 


was observed. 
TABLE I 


LITHIUM 
TRANSVERSE EFFECT FOR 20,000 VOLTS PER CENTIMETER (HOWELL) 


AinA Ns aa ee Int. res pees Int. Remarks 
BOOP. B 7m owls e +1.00 8 +o0.48 8 
—2.48 6 —2.00 6 
AlZ2.O3 ccs nec +2.26 2 +1.78 2 : 
—o.18 & —o.18 & Unpolarized 
—3.10 I —2.24 I 


TRANSVERSE EFFECT FOR 20,000 VOLTS PER CENTIMETER (STARK) 


BOO2S3 7 citienc 20s +0.65 8 +0.56 8 
—o.28 I —o. 28 I Doubtful 
—1.81 6 —1.64 6 
AI3Z2° 03) aeeen s +1.87 3 +1.57 3 
Gy 4 — 0.33 4 
—2.62 2 —2.44 2 


LONGITUDINAL EFFECT FOR 20,000 VOLTS PER CENTIMETER (HOWELL) 


AGODNS Tile ine +0.57 8 +0. 34 6 
—2.01 6 EIT 3 3 

ESD OSS cca: +1.16 I +0.77 I 

oats —o. 26 5 —o.26 5 Unpolarized 
—1.99 ° —1.50 ° 


Results for lithiwm.—The results for lithium are given in Table I, 
together with Stark’s results reduced to the same field-strength. 
The numbers marked + indicate components to the red, those 
marked —, components to the violet. The field close to the cathode 
was in the neighborhood of 25,000 volts per centimeter. In the 

391 


12 JANET T. HOWELL 


longitudinal effect, the displacement of the red component in A 4602 
was doubled because the photographed line was a blend of the red 
component and the unaffected line outside the field. For the same 
reason the displacement of the center component to the violet in 
4132 (longitudinal) was doubled. As the discharge was not 
entirely unidirectional there is always a faint unseparated line 
superimposed on the electrical components, and this makes the 
displacement of the center component of \ 4132 too small in the 
transverse effect. But, as it was uncertain what percentage of 
the total intensity was due to this unseparated line, the measured 
displacement is given. Owing to the uncertain nature of the middle 
component of \ 4132 the total separation of the outer components 
is more accurate than their displacements from the center. The 
results for the transverse effect are in general larger than those 
found by Stark. As the error of the field-strength determinations 
is uncertain, the only idea of the precision of the results that can 
be given is the average deviation from the mean of the results on 
different plates. This deviation is given in Table II. The com- 
ponents of Hy are more distinct when polarized perpendicular than 
when polarized parallel; consequently the error is greater for the 
parallel components. The deviation of \ 4602 refers to the total 
separation, that of \ 4132 to the separate components. Photo- 
graphs of the lithium lines are given in Plate XI. 


TABLE II 


AVERAGE DEVIATION In A FoR LitTHIuM RESULTS 


TRANSVERSE EFFECT LONGITUDINAL Errect 
AinA 
Parallel Comp. | Perpend. Comp.| Parallel Comp. | Perpend. Comp. 
AOO2N Oyen res 0.32 0.04 0.14 0.04 
ATZ 22036 aces o. 28 0.02 Onl 0.12 


Resulis for calctum.—The results for the H and K lines of 
calcium are given in Table III. In the earlier photographs a 
cathode of metallic calcium was used, but it had a decided tendency 
to rectify the discharge in the opposite direction and acted as an 
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d 3033 (K) d 3968 (H) 4132 (Li) d 4602 (Li) 


THE TRANSVERSE EFFECT IN CALCIUM AND LITHIUM 


3933 (K) 3968 (H) d 4132 (Li) 4602 (Li) 


Tue LoncirupINAL Errecr my CALcium AND LirHiuM 
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anode such a large part of the time that the photographs were 
very poor. Later, calcium chloride on an aluminium cathode was 
used and proved very satfsfactory. The longitudinal effect gave 
very clear components, but in the transverse effect the lines were 
both broad and hazy, although the Y-shape proved the effect to 
be due to the electric field. The best photographs showed the lines 
to be composed of two very diffuse components, an intense one 
slightly displaced to the red, and a fainter one more displaced to 
the violet. 

Table III contains measurements on the separation of these 
very indistinct components in the transverse effect. The actual 
separation of the components is small, but the width of the lines, 
owing to their diffuse character, is large. As the red component is 
more intense and more diffuse than the violet, the width is almost 
symmetrical with respect to the unseparated line. The total width 
of H is 2.38A parallel and 2.16A perpendicular; that of K 
is 2.64 A parallel and 2.42 A perpendicular. 


TABLE III 


Catcrium H anp K 
TRANSVERSE EFFECT FOR 20,000 VOLTS PER CENTIMETER 


AinA Seb yeas Int. eee Poe Int. Remarks 

BOOSHOS Mae: +0. 22 6 +o. 16 6 Unpolarized 
—o.86 2 —0.74 2 

BOSGr Osment +0.22 9 +o0.22 9 Unpolarized 
—0.92 3 —0.74 3 

LONGITUDINAL EFFECT FOR 20,000 VOLTS PER CENTIMETER 

BG0S;|02 e.eeaael- +1.27 B +1.23 3 Unpolarized 
+0.o1 8 —0.02 8 Unpolarized 
—1.17 ° —1.if ° Unpolarized 

3033509 e 46 7c +1.42 4 +1.38 4 Unpolarized 
+o.06 9 —0.02 9 Unpolarized 
—1.30 I —1.26 I Unpolarized 


The results of the transverse effect indicate pretty clearly that 
Hand K are both composed of a strong unpolarized component 0. 2A 
to the red and of a fainter polarized component to the violet. The 
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longitudinal components are certainly unpolarized. The middle 
line shows evidence of polarization on the edges, but the polarized 
edges are such a small part of the total intensity of the line 
that the effect is scarcely measurable. The H and K lines were 
investigated for circular polarization, but no trace of it was 
found. 

Photographs of H and K are shown in Plate XI. The separation 
of H and K into components in the transverse photograph does not 
show in the reproduction, but the progressive widening with in- 
creasing field-strength proves the electrical nature of the effect. 
The violet component of H in the longitudinal photograph does 
not reproduce well, but is analogous to that of K which shows 
plainly. The Y-shape in the longitudinal components means that 
the discharge was passing from only a small section of the electrode. 
This happened frequently when calcium chloride was used. When 
the whole surface of the electrode was acting, the components 
extended across the field, tapering in at the edges. 

The average deviation of the results is given in Table IV. It 
is calculated for the total separation in the transverse effect and 
for the separation of the components in the longitudinal. 


TABLE IV 


DEVIATION IN A FoR H AND K COMPONENTS 


TRANSVERSE EFFECT LONGITUDINAL EFFECT 
AinA 
Parallel Comp. P oa Red Comp. | Violet Comp. 
3005503) eet 0.12 0.05 0.04 0.03 
2033s o3hiariee: 0.10 0.09 0.05 0.01 


DISCUSSION OF RESULTS 


Instead of contributing new law and regularity to the electric 
decomposition of spectral lines, the results for lithium and calcium 
seem to contradict the laws already formulated. In former investi- 
gations the longitudinal effect has given only unpolarized compo- 
nents, but the lithium lines \ 4602 and \ 4132 are here shown to 
have very clearly polarized components along the field. 
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Previously only the diffuse series of different elements have 
shown any appreciable effect, but H and K belong to a principal- 
pair series of calcium, while’the lines of the diffuse series at \A 44 wi 
4435, and 4425 showed no effect at all. The lines at \ 3737 and 
A 3706, which are analogous to H and K, were too faint on my 
plates for any examination, but I hope to investigate them in 
the near future. 

It is still somewhat uncertain whether the electric effect is the 
same under different conditions or not. The difficulty in deter- 
mining consistent field-strengths from the hydrogen lines is no very 
strong evidence on either side, because the difficulty of making 
accurate measurements on the components of Hy was so great. 
The values found here for lithium in the transverse effect are 
larger than Stark’s values, but the difference is not great enough 
to show any real dissimilarity. The general character of the com- 
ponents is the same. The chief reason for thinking that there 
may be a real difference between electrical components under 
different conditions is the fact that Stark" found no effect in the 
H and K lines of calcium (transverse). It was doubtful at first 
whether the production of spectra through the bombardment of 
metallic electrodes was favorable to an electrical effect. The fact 
that using metallic calcium as an electrode gave the same result 
as covering the electrode with calcium chloride proves this to be 
an entirely favorable method. The photographs with metallic 
calcium were unsatisfactory, owing to the tendency of calcium to 
act as an anode, but a few good ones obtained in this way showed 
the electric effect quite plainly. 

The result most clearly shown by this work is the absolute 
necessity of increasing the intensity of the source so that high 
dispersion may be used. The effect in the majority of elements 
is so small that it will take high dispersion to bring it out. 


GENERAL CONCLUSIONS 


The spectra of H, Li, Ca, Fe, Ni, Mg, Al, Zn, and Sr were 
examined near the cathode in a discharge tube under low disper- 
sion. Fe, Ni, Mg, Al, Zn, and Sr showed no electric effect. This 

t Annalen der Physik, 43, 1017, 1914. 
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negative result brings out the absolute necessity of increasing the 
dispersion in dealing with the heavier elements. The effect, if 
it exists in these elements, is small and can be brought out only 
under much stronger fields and with higher dispersion. Both 
Stark’s method and that of Lo Surdo give such faint luminosity 
that the present problem is to find a method for producing very 
brilliant spectra in a strong electric field. 

New results were found in lithium and calcium which show 
most interesting variations from those previously obtained. 

The longitudinal effect in lithium gives clearly polarized com- 
ponents, whereas all the longitudinal components in hydrogen and 
helium have been unpolarized. 

The H and K lines of calcium show electrical components with 
a separation, especially in the longitudinal effect, which is compar- 
able in magnitude with the separations in H, He, and Li. This is 
surprising, owing to the relatively large atomic weight of calcium 
and to the fact that H and K do not belong to a diffuse series. 

In conclusion, I wish to express to Dr. Hale and the members 
of the Observatory staff my very deep appreciation for the oppor- 
tunity of a year’s work at the Observatory. The problem of the 
electric effect was undertaken at Dr. Hale’s suggestion, and has 
been guided by his advice and encouragement throughout. 


Mount WILSON SOLAR OBSERVATORY 
July 1, 1916 
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THE STRUCTURE OF THE LITHIUM LINE 26708 AND 
ITS PROBABLE OCCURRENCE IN SUN-SPOT 
SPECTRA 


By ARTHUR S. KING 


In connection with an investigation of the electric furnace 
spectrum of calcium, it became highly desirable to obtain definite 
evidence as to the origin of the line \ 6708 which usually appears 
in calcium spectra. It has been uncertain whether calcium could 
under certain conditions give a line of this wave-length, or whether 
the line is in all cases the well-known red line of lithium, which may 
appear as an impurity in other spectra. The question is important 
also in connection with sun-spot spectra, in which Hale and Adams? 
found a strong line of the wave-length specified. They also 
observed it much intensified in the outer regions of calcium and 
other arcs. The writer? found the line very strong in the furnace 
spectrum of calcium. [If in these cases it is produced by calcium, 
the fact is important chiefly as an indicator of reduced temperature 
in sun-spots, but if the line is always due to lithium, it furnishes the 
clearest evidence we have of the presence of lithium in the sun. 
This latter view was taken by Hemsalech and De Watteville,3 who 
in their study of the calcium flame spectrum considered that \ 6708 
is due to lithium impurity and that it is the line occurring in sun- 
spots. Holtz,4 however, in measuring the calcium arc spectrum 
according to the international standards, ascribed \ 6708 to calcium.® 

I Mt. Wilson Conir., No. 15; Astrophysical Journal, 25, 75, 1907. 

2 Mt. Wilson Contr., No. 35; Astrophysical Journal, 29, 190, 1909. 

3 Comptes Rendus, 149, 1369, 1909. 

4 Zeitschrift fiir wissenschaftliche Photographie, 12, 101, 1913. 

s After this manuscript was prepared, my attention was called to an article by 
H. G. Woodward (Astrophysical Journal, 41, 169, 1915), in which the possibility of 
obtaining a calcium-arc spectrum free from the line \ 6708 is demonstrated in a very 
satisfactory manner. ‘The portion of the present paper bearing on the origin of the 


line supplements that of Mr. Woodward with different evidence and reaches the 
same conclusion. 
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The relatively low dispersion used in the study of the calcium 
furnace spectrum showed \ 6708 as clearly double, though not 
resolved. It thus appeared possible that both calcium and lithium 
entered into the production of the line. Higher dispersion was 
then resorted to, the second order of the vertical plane grating 
spectrograph of 30-foot focus being employed, which gives a dis- 
persion of approximately 1 mm=o.89 A. A large number of 
spectrograms were then taken for a wide variety of conditions of 
the arc and furnace, the line being studied both with calcium and 
with lithium in the source. A satisfactory resolution of what 
proved to’be a highly complex line was obtained in this way. 
Measurement of the components appearing under various condi- 
tions were referred to the calcium line \6717.940 (Rowland). 
When lithium was used in the arc or furnace, \ 6718 was put on 
the plate by means of the occulting device above the slit or by 
screening out the lithium line during the calcium exposure by a 
strip of paper passed in front of the plate. 


RESULTS 


When the source is such that \ 6708 might be due either to 
calcium or to lithium impurity, that is, with metallic calcium in the 
arc or furnace, or with clean carbons in the arc, a narrow doublet 
is usually obtained, of which the violet component is about twice as 
strong as the red. When lithium chloride was used in the source, a 
reversed line appeared which was photographed on numerous plates 
in juxtaposition to the narrow doublet; but it was evident that 
the reversed line could not have sharpened down to either com- 
ponent of the doublet without decided shift of its center. It thus 
appeared that the doublet occurring in the calcium spectrum is 
distinct from the lithium reversed line and might belong to calcium. 
However, a very similar doublet was obtained by Zeeman? in absorp- 
tion when white light was passed through an exhausted vessel con- 
taining lithium vapor, the relative intensity of the components 
being the same in the two cases, while the interval of 0.144 A meas- 
ured by Zeeman is in fair agreement with the mean value of 0.152 A 


* Proceedings of the Amsterdam Academy, 15 (II), 1130, 1913; 16 (I), 155, 1913. 
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obtained from six arc and furnace photographs. Kent? observed 
the same doublet in emission from a vacuum tube containing 
lithium, and measured the separation as 0.151 A. This close 
agreement, together with other observations to be described, 
indicates that the doublet is in no case due to calcium. 

A remarkable condition became evident when the quantity of 
lithium in the arc was such as to give a rather narrowly reversed 
line. A bright line then appeared inside of the reversal and slightly 
to the red of its center. Visual observations showed the same 
appearance as that recorded on the plates. As the quantity of 
lithium in the arc was increased, the bright line was gradually 
suppressed by the absorption of the vapor producing the reversal of 
the main line. Turning the spectrograph so as to bring the axis 
of the arc-image parallel to the slit showed the emission line weaken- 
ing toward the upper pole, where the denser absorbing vapor 
appeared as a red hood beneath the arc terminal. 

Further experiments were then made with a very small quantity 
of lithium in the arc, a drop of dilute solution of the chloride being 
placed on either carbon or copper poles. By projecting the image 
on a long slit, the spectrum line was made to register the condition 
in the arc from pole to pole. Near the upper terminal and extend- 
ing to the middle of the arc, the line consisted of an unsymmetrical 
triplet. The bright line usually appearing within the reversal was 
present as the middle component, while the sides of the reversal 
had become two sharp lines, sometimes with incipient wings. The 
red component of the triplet had a close satellite on its red side. 
The triplet blurred in the middle of the arc, and from here to the 
lower (positive) pole appeared a gradual development of the two 
components of the close doublet which it had been thought might 
belong to calcium. Putting the calcium line A 6718 on the plate by 
a second exposure to serve as a standard, it was found that the 
doublet in the lithium arc agreed closely as to wave-length, separa- 
tion, and relative intensity of components with the doublet given by 
calcium in the arc or furnace. Unless it was added by separate 
exposure, the photographs showed no trace ofthe calcium line 
} 6718, which is good evidence that the doublet was not due to 

t Astrophysical Journal, 40, 337, 1914. 
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calcium mixed with the lithium, since in the calcium arc ) 6718 is 
much stronger than \ 6708. 

The components of the lithium triplet were studied to best 
advantage in the furnace spectrum, especially with regard to the 
separation of the side components. In the vacuum furnace, with a 
small quantity of lithium vapor present, the components of the 
triplet were sharp, with quite the appearance of Zeeman compon- 
ents, the phenomenon being clearly distinct from the regular 
reversal effect. 

Measurement of a number of photographs proved that the 
interval between the side components was decidedly variable, this 
seeming to be controlled by the amount of vapor present. Nine 
furnace photographs gave intervals ranging from 0.25 A to 0.36A, 
a difference much greater than the error of measurement for com- 
ponents as sharp as these. As the separation became wider, the 
middle component became weaker and the satellite by the red com- 
ponent strengthened. With a larger quantity of vapor, the side 
components lost their sharpness and gave the regular reversed line 
with widely shaded wings. A description of a succession of furnace 
runs at about 2100° C. without fresh supply of lithium will serve to 
illustrate the changes and the transition to the doublet stage. 
Starting with a small supply of vapor, the components came closer 
together on successive plates with a strengthening of the central 
line until the three were no longer resolved. The next photograph 
showed the doublet with the usual separation of components. 
The interval of this doublet seems to be constant, as the measure- 
ments on good plates have never differed by more than 0.007 A. 

The variation of the lithium components is thus shown to be the 
same in arc and furnace, and the controlling agency in each has 
seemed to be the amount of vapor in the source. The appearance 
of the two sets of components in the arc near the positive and 
negative poles respectively can scarcely be dependent upon the 
discharge conditions, since either set can be produced in the furnace 
without material temperature change. The whole effect agrees 
with the observations of Nutting,’ who studied line structure for a 
number of elements by means of the echelon spectroscope. He 

t Astrophysical Journal, 23, 64, 1906. 
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observed only a broadening of the red lithium line, but in other 
spectra frequently recorded a “twinning” of sharp components 
which spread apart with increasing material in the arc and changed 
into the winged structure of regular reversal. In some cases a 
central component was present, as is the case for the lithium line. 
The variable interval of the components suggests electrical resolu- 
tion, and Stark" has recently developed a theory of the connection 
between electrical resolution and the widening of spectrum lines. 
The production of the effects in the furnace shows that they are 
not due to an external electric field, but it would seem that there 
are strong possibilities in the action of interatomic fields, in the 
variation of which the vapor-density might well be the controlling 
agency. 

An observation of the structure of \ 6708 by Jewell in an early 
paper by Rowland? is explained by the foregoing results. Jewell 
notes: ‘‘With but little material in the arc this is a difficult triplet. 
The violet component is very strong, the red component about half 
as strong, and between them but nearer the red component is a 
very narrow line much weaker than either of the others.” This 
appearance would result from the use of a concave grating and the 
projection of most of the length of the arc on the slit. The strong 
violet component of the doublet would then blend with the violet 
component of the triplet, producing an unsymmetrical triplet 
of which the central and red components seen by Jewell correspond 
with those on my photographs. 

In Table I, are given measurements of those members of the 
group at 46708 whose wave-lengths seem to be invariable. The 
mean wave-length of the variable side components of the triplet 
appears to be that of the center of the reversed line into which 
they gradually develop. The measurements were made in arc 
spectra from the sharp calcium line \ 6717.940 (Rowland), the 
wave-length of which in the international system is given by Holtz 
as 6717.70. 

The mean wave-length of the close doublet in the international 
system is 6707.81, which agrees exactly with the value given by 

t Jahrbuch der Radioaktivitat und Elektronik, 12, 349, 1915. 


2 Astronomy and Astrophysics, 12, 344, 1893. 
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Holtz, who measured it as an unresolved line ascribed to calcium. 
This mean wave-length of the doublet agrees closely with the wave- 
length of the reversed line; but the agreement would cease if the 
doublet were faint, as when produced by a small impurity, so that the 
measured wave-length would be that of the strong violet component. 
A discrepancy as large as 0.07 A might thus result. The possibility 
of variable wave-lengths due to complex structure has been recog- 
nized by other observers, and we may have here the key to the 
condition which Burns? notes: that “lines of impurities are not as 
yet recommended for standards,” since a small impurity may give 
a distinct set of components. 
TABLE I 
WaveE-LENGTHS OF COMPONENTS OF \ 6708 


No. Plates A (Rowland) A (I. A.) 


Violet component of doublet............ 4 6707.977 6707.74 
Red component of doubiet.............. g 6708.125 6707.88 
Center of reversed line................. 8 6708 .053 6707.81 
Bright line inside of reversal............. 6 6708 .072 6707.83 


Various conditions of the lithium components are shown in 
Plate XII. The first three enlargements are of the narrow doublet 
and two states of the triplet in the furnace, the strength of the red 
satellite in No. 3 giving a quadruple structure. The next three 
are for the arc with increasing quantities of vapor, the side com- 
ponents being almost sharp in No. 4, while Nos. 5 and 6 show 
the regular reversal with the bright line inside. No. 6 was taken 
with the arc-image parallel to the slit, showing the extinction of the 
bright line near the upper terminal. No. 7 shows the simultaneous 
production of both sets of components, the one near the positive, the 
other near the negative pole. 


COMPARISON WITH \ 6708 IN THE SUN-SPOT SPECTRUM 


Sun-spot spectra showing \6708 have been photographed by 
Mr. Ellerman and Mr. Nicholson, using the first and second orders 
of the 75-foot spectrograph on Mount Wilson, and kindly placed at 

t Bulletin of the Bureau of Standards, 12, 179, 1915. 
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6708 IN FURNACE AND ARC SPECTRA 


. Doublet appearing in furnace or arc with trace of lithium vapor. 

. Triplet which takes the place of the doublet when slightly more vapor is present. 
. Appearance of Jine in furnace with more vapor than for No. 2. 

. Triplet in arc, with side components beginning to show the widening characteristic 
of reversal. 

5. Reversed line in arc with inner component still visible. 

. Reversed line in arc showing fading of inner component near upper electrode 
where absorption is strongest. 


. Combination of triplet and doublet in arc when vapor density gradually increases 
from lower to upper terminal. 
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my disposal for comparison with the laboratory plates. The line 
seems to be absent from the regular solar spectrum, the faint line 
in Rowland at \ 6708.176 apparently being too far to the red. In 
the spot spectrum, the line is rather wide and of low density, so 
that the first-order plates, with a scale of 1 mm=o.713 A, proved 
much better for measurement. The mean value from four plates 
is \6708.065. Considering the character of the line, which, 
exclusive of wings, is about o.2 A wide, this is in fair agreement 
with \ 6708.053 for the reversed lithium line and is very close to the 
mean value, \ 6708.062, of the center of this line and of the bright 
line appearing within the reversal. Such dissymmetry as is present 
in the sun-spot line is toward the red, so that the condition of the 
vapor is probably not that giving the close doublet with a strong 
violet component. Second-order plates taken with nicol prism 
and quarter-wave plate show a decided Zeeman effect for the 
sun-spot line. This, together with the strength of the line, makes 
it probable that \ 6708 is not one of the fluting lines which are 
plentiful in this region, though possibly it may be blended with 
such a line. 

The material here presented appears to furnish a strong proba- 
bility that the sun-spot line is due to lithium, and we have the 
remarkable condition that an element of very wide distribution 
in terrestrial substances is apparently unable to show its spectrum 
in the solar atmosphere except over sun-spots. 

The relative intensities of \ 6708 and the strong orange line 
\ 6104 were compared in a set of furnace spectra of lithium at 
various temperatures. At 1650°C., \6708 was very strong and 
reversed, while \ 6104 was barely visible. Above 2000°, the latter 
line gained in relative intensity, though still much weaker than 
6708. This behavior of \ 6708 justifies its use as a criterion of 
low temperature. \ 6104, if present in the spot spectrum, is 
extremely faint. Other lithium lines will be searched for when 
spot photographs of the more refrangible region are available, but 
if they are not found their absence may be fairly ascribed to a low- 
temperature condition, since \ 6708 is by far the most sensitive to 
a weak excitation in laboratory sources. 
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SUMMARY 


1. The complex lithium line \ 6708 may appear under different 
conditions with two distinct sets of components, either as an 
unsymmetrical doublet or as a triplet of variable separation. 

2. In a third stage, the side components of the triplet change 
into the ordinary reversal, within which the central component 
still can be seen. 

3. All three conditions of the line may be produced in either 
arc or furnace, the doublet and triplet sometimes appearing at the 
same time in different parts of the arc. 

4. Thé observations show that the line at \ 6708, often found 
in calcium and other spectra, has the same structure and wave- 
length of components as the lithium line when produced by a source 
containing but little of the substance. The line is probably always 
due to lithium, and if low-temperature conditions are present in the 
source, may attain a very high relative intensity. 

5. Measurements of the strong sun-spot line \ 6708, which is 
probably absent from the photosphere, agree so closely with the 
wave-length of the arc and furnace line as to leave little question 
regarding the presence of lithium in the solar atmosphere; while 
the high intensity of the line at low furnace temperatures is evi- 
dence of the correspondingly low temperature of sun-spots. 


Mount WILSON SOLAR OBSERVATORY 
July 7, 1916 
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OBSERVATIONAL EVIDENCE THAT THE RELATIVE 
POSITIONS OF FRAUNHOFER LINES ARE NOT SYS- 
TEMATICALLY AFFECTED BY ANOMALOUS DIS- 
PERSION 


By CHARLES E. ST. JOHN 
I. INTRODUCTION 


The suggested mutual influence of Fraunhofer lines, a quasi- 
repulsion between closely adjacent lines, offers a ready means of 
testing the theory of anomalous dispersion in the solar atmosphere. 
Professor Juliust developed the deduction and applied it to the dis- 
placements between the center and limb edges of the penumbrae 
of sun-spots given in my paper on ‘Radial Motion in Sun-Spots.””? 
He found what he considered positive evidence of the effect. I 
rediscussed? the data from this point of view, including a large 
number of omitted lines fulfilling the conditions of selection, and 
calling attention to errors involved in the method used by Julius 
which introduced systematic differences of the sign required by the 
hypothesis. Of this discussion Julius says: 

A few months later St. John published the elaborate article in which he 
criticized my treatment of his observations very severely, in several respects 
justly. I had not overcome the difficulties of handling rightly the Mount 
Wilson data, nor had I entirely avoided bias. St. John made certain altera- 
tions in the method of grouping and comparing the measured displacements, 
added a number of omitted and of new cases, and thus reached the conclusion 
that there was no indication at all of a mutual influence. 

Although I am satisfied by St. John’s improved discussion of the data that, 
in the Evershed effect, mutual influence is not so conspicuous as my defective 
treatment of those measurements had made it appear, I still believe that future 
research will bring it to light.4 

The magnitude of the effect in this case Julius now says can 
scarcely be expected, under the most favorable conditions, to exceed 

t Astrophysical Journal, 40, 1, 1914. 

2 Mt. Wilson Contr., No. 69; Astrophysical Journal, 37, 327, 1913. 

3 Mt. Wilson Contr., No. 93; Astrophysical Journal, 41, 28, 1915. 

4 Astrophysical Journal, 43, 49-50, 1916. 
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©.002 A, a quantity so near the limit of precision for such obser- 
vations that its definitive establishment must prove a matter of 
extreme difficulty, a quantity so small that the question becomes 
one of theoretical rather than practical interest to the astrophysicist. 

Albrechtt found by comparing the Rowland and International 
wave-lengths of iron lines that the violet and red components of 
close solar pairs showed, relative to the general displacement, 
specific displacements to the violet and red of 0.007 and 0.005 A, 
respectively, for a mean separation of o.22 A from the companion 
line. ‘These results he interpreted as effects of anomalous refrac- 
tion, an interpretation approved by Julius, who accepts the data 
as definitely establishing the existence of mutual influence between 
the lines in the general solar spectrum.” 


II. SUN-ARC DISPLACEMENTS. 


Quantities of the order given by Albrecht’s investigations are 
well within the range of present instruments and methods. The 
displacements of the solar lines in sun-arc comparisons furnish a 
direct and suitable means of investigating the question, as a differ- 
ence of o.o12 A between the displacements of lines with violet 
and red companions is greater than the average value of the sun- 
arc displacements, quantities determinable with high accuracy. 
Such data, center of sun minus center of arc, have been accu- 
mulating at this Observatory for three or four years. The early 
observations were made with the 75-foot spectrograph. The 
length of the plates (90 cm) and the scale (1 mm=o.7 A) are such 
that a range of spectrum of 600 A is covered by a single exposure. 
This has insured such interlocking that the results may be con- 
sidered free from serious relative errors. * Recently a series of 
plates was begun under still more refined conditions with the re- 
modeled 30-foot spectrograph of the 60-foot tower telescope. 
Measurements now in progress upon these plates are confirming 
the absolute values previously obtained for the groups of stable 
arc lines. 


t Astrophysical Journal, 41, 333, 1915. 
2 Tbid., 43, 53, 1916. 
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In the Mount Wilson classification of iron lines,t those whose 
wave-lengths are independent of arc conditions at constant pressure 
are distributed among gréups a, 6, and c4; to groups cs, d, and e 
are assigned the lines subject to pole-effect,2 whose wave-lengths 
therefore vary with the current-strength and the part of the arc 
used. 

A. Groups a, b, and c4.—In the present situation as to solar 
observations, conclusions based upon the relative behavior, in 
the sun and arc, of lines belonging to groups a, b, and c4 carry the 
maximum weight. Of these groups 211 lines, sufficiently separated 
from neighboring lines for measurement of precision and free from 
known blends, have been examined for sun-arc displacements. 

An investigation entitled ‘The Accuracy Obtainable in the 
Measured Separation of Close Solar Lines; Systematic Errors 
in the Rowland Table for Such Lines,’’s has recently been concluded. 
This has furnished the means for determining the minimum 
separation between lines in the solar spectrum, consistent with their 
accurate measurement upon spectrograms taken with the instru- 
ment employed in obtaining these sun-arc displacements. 

The data relative to all lines of these groups having close com- 
panions are givenin TablesIT and II. ‘To identify the lines common 
to Albrecht’s list and mine, his values are shown in the last column. 
The first section of each table contains measurements free from 
known sources of error. The measurements in the second section 
are of little or no weight, the lines themselves being blends or the 
adjacent lines too near. 

The 56 lines having companions to the violet, mean separation 
0.275 A, and the 29 having companions to the red, mean separa- 
tion 0.320 A, show displacements of +0.0036 and +0.0038 A, 
respectively, in agreement with the mean of 0.0038 A from the 
211 lines, instead of approximately +o.009 A and —0.003 A, 
values required to harmonize with the observations of Albrecht, 

t Transactions of the International Union for Co-operation in Solar Research, 4, 74, 
IgI3. 

‘ 2 St. John and Babcock, “A Study of the Pole-Effect in the Iron Arc,” Mt. Wilson 
Contr., No. 106; Astrophysical Journal, 42, 231, 1915. 
3St. John and Ware, Mt. Wilson Contr., No. 120; Astrophysical Journal, 44, 15, 
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if the deviations found by him represent actual shifts of 0.005 
and 0.007 to the red and violet relative to the general displacement 
of +0.004 A. The behavior of these 85 lines with closely adjacent 
companions, lines of high quality in both solar and arc spectra, 


TABLE I 


RELATIVE DISPLACEMENTS OF SOLAR AND Arc LINES OF IRON, Groups a, b, AND ¢4 
COMPANIONS TOWARD THE VIOLET IN SOLAR SPECTRUM 


SECTION A. MEASUREMENTS OF WEIGHT 


= 


A re Ratio : Sun hoe Xr ee Ratio Sun Paes 
omp. to ep. | minus recht i omp. to ep. minus recht 
Rowland Rane Ne Rowland Line Arc 
30964.663... Beng -247 | +0008) |... oe. 4443 .365.. Ts 3604| 105003) |aae ornare 
3909.413... 6:10 -527 |+ .0f3 |—0.004 || 4531.327.. 2:5 .204 |+ .004 |—0.002 
3077.009... Sune ETO SS OOS) Were nata shots 4556.306.. Aiey) -243 |+ .004 |+ .002 
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4oor.814... 523 5 2IQ) |e LOOF ihiaie sso se' > 4741.718 1:3 -450).\- O08 || 
4067.420... Lone! 3200: || Aes OOF Mins. a arniace-s 4787 .003 3:2 .276 |+ .003 |— .o12 
4087..252... z2) ESOT ae OOM id !c  aynyaare 4789 .849 2:3 .321 |+ .002 |— .o12 
4123007... P2015 .243 |-+ 4939 .868 2:4 .452 |+ .004 |— .002 
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SECTION B. MEASUREMENTS WITHOUT WEIGHT 

see tous 2506, 097 —0.013 maser Ser Ore 15:5 .181 |+0.019 |—0.016 

POSTE ante 234 .061 |— .027 0.011 254.456.. rT Xe) —o.01 ; 
4547.192... F372 POGT Miedo OOS isc dans eshe Saat 3 2814 ECON eras 
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fails to show the large differences found by Albrecht, but, on the 
other hand, furnishes strong observational evidence that the sun- 
arc shifts for such lines are the same as for isolated lines and are 
therefore not measurably affected by mutual influence. 
B. Groups cs, d, and e.—Measurements upon iron lines of groups 
cs, d, and ¢ are so easily affected by conditions in the arc, that con- 
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sistent results can be expected only when these conditions are 
constant. In obtaining the sun-arc displacements at Mount 
Wilson, the Pfund arc used had a length of 6 mm and was fed by a 
current of 6 amperes from a 110-volt storage battery. The slit 
was normal to the axis and in the equatorial zone of a two-and-one- 
half-fold enlarged image produced by an achromatic lens. Under 


TABLE II 


RELATIVE DISPLACEMENTS OF SOLAR AND Arc LINEs oF Iron, Groups a, b, AND 4 
COMPANIONS TOWARD THE RED IN THE SOLAR SPECTRUM 


SECTION A. MEASUREMENTS OF WEIGHT 


x ye Ratio = Sun en r re Eatio : Sun Ae 

omp. to ep. | minus recht omp. to ep. | minus rec 

Rowland ine Z Arc Rowland Line Arc 
4000.403... 2:2 218 OOOO: Ie ic setae 4454.552 52 401 |+0.002 |+0.003 
4030.339... 5:2 6307 [= .OOR eticances 4461 .818 3:4 -347 |+ .004 |+ .008 
4067 .139... 3:5 200 N= SOLE fi coe. ose 4466.727 res 2375: |Nniz OOS etereeiees 
4082.264... 3:2 1328 P= .003 Pec aetieete 4489 .o11 3:4 -342 |+ .006 |-+ .004 
4096.129... 2:3 SESS. 1-F 005° Iinaea ees 4619. 468 r:3 1243 [=F .OOK: [eres 
4098 .335... 4:5 -354 KOOOn |e oon nase 5079.921 ra 223 [COZ [ieee 
4136.678... 6:4 ATEN f-9 OOS | hacrasren 5107.619 4:4 204 |+ .004 |+ .008 
4140.089... 3:6 460 '-+- 000 |. .c50 0.8 5131.642 AE 300 | .003 Ica... 
4142.025... 2:4 GORA 5 WOR Pa ascre aa. 5195.113 2:4 -534 |+ .004 |+ .006 
4171.068... 4:4 oEaS [= 006 Vee ac. 3 5328.236 2:8 -279 |+ .o1m |— .007 
4175.082.... I:4 5210: | — SOOT |inte sec 5341.213 I7 {124>|=- 2.010 | eee 
4224.337... 3:4 S230 HP OOS ie ooo ice 5307 -344.. 7 <478; |=" -. 008 ites 
4220.584... 20:2 90 PRT ODE! Nreisié casts 6136.829 3:8 .381 |+0.002 |-+0.004 
4267.122... Pe} 420 t= £006 Yes. cat : ns 
BS37 21655. 375 509 |+ .004 |+0.002 || Mean, 29 lines....... $320"|=+-0. 0038 |r eiersterete 
ASSL. VIE... - 5:2 LREQ NAO O04 iininn cates Mean, 8 lines, Al- 
brechteaanccsemes A tal errno clo +0.0035 
SECTION B. MEASUREMENTS WITHOUT WEIGHT 

: Lot 2: .09t |+0.022 |+0.001 || 4476.185 3:4 .068 |+0.025 |-+0.008 

reek con ga ae .062 |— .orr |+ .048 || 5012.252.. 1:4 .083 |+ .o17 |— .002 
4210.404... 274 .067 |+ .002 |+0.027 5169.069.. 4:3 ESE [e088 cane. 
4245.422... 2:4 .098 aE SOOO Wins ele 5476.500.. ee .278 0.000 |+0.011 
67. 2 oe 2: .090 POOR ai ates : | 
pgs fe Be Shs 010030 aresae oe Mean, fo lines....... -105 |+0.0084|........ 


the constant conditions, the displacements for lines of groups cs, 
d, and e, relative to each other, are probably free from serious error, 
and comparison between the behavior of lines with companions, 
and that of isolated lines, can yield results of weight. 

The Mount Wilson data include 125 lines of the related groups 
c5 and d, and 34 lines of group e. The mean sun-arc displacement 
for the 125 lines of groups c5 and d is —0.0063 A. As the dis- 
placements for these lines show an increase for lines in the red, the 
mean based upon the lines in the region covered by the lines to be 
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tested is taken as the standard or normal displacement. The 
mean displacement for the 34 lines of group eis +0.0142 A. Lines 
of these groups were included by Albrecht in reaching the conclu- 
sion that mutual influence displaces the violet components 0.007 A 
less and the red components 0.005 A more than the average. It 
is evident that a comparison, to have definite meaning, must be 
between lines of the same or similar groups. For lines of groups ¢5 
and d the displacements of the violet and red components of close 
pairs should then be of the order of —o.o12 A and o, respectively; 
for lines of group e +0.007 and +o0.019 A. An inspection of 
Tables III,.IV, and V shows no indication of such systematic 
differences, but rather a remarkable agreement between lines in 
the open and lines with close companions, an agreement, however, 
in large measure fortuitous for arc lines of this character. 


TABLE III 


RELATIVE DISPLACEMENTS OF THE SOLAR AND ARC LINES OF IRON, GROUPS c5 AND d 
COMPANIONS TOWARD THE VIOLET IN SOLAR SPECTRUM 


SECTION A. MEASUREMENTS OF WEIGHT 


r ne Ratio < Sun Mie x Int. Ratio Sun 
omp. to ep. | minus recht Comp. to | Sep. | minus | Albrecht 
Rowland ae Age Rowland Taine ae 
4024.881... 3:4 Suef |fie oe 4983 .433.. 253 
4083.917... 4:1 1340 4985 .730.. 3:3 
4154.076... 4:4 -309 |— 5006. 306. . 4:5 
4187.204... 2:6 .426 |— $937). 550.5 ee 
4227.606... 20:4 702 |— 5208.776.. 532 
BIS 7726s 4:6 -444 |— 5615.877.. 2:6 
4247. 50E..:: pace .127 |— 5641.667.. ri2 
4250.287... 2:8 -490 |— BOSS a7 LS m2) 
4409.545... I:4 . 220 5050.052.. 1:4 
4607.831... 4 -321 |— 
4872 .332.<. I:4 .220 |— Mean, 21 lines....... 3333 [=O .0082) nse a 
4885 .620... PRB -356 |—o. Standard displacement.|...... —O 0050 |lnteteerercte 
SECTION B. MEASUREMENTS WITHOUT WEIGHT 
1 “~ 
4668.331... 2:4 .088 |—o.0r1I |—o.010 |] 5139.644*. 4:4 -217 |+0.003 |+0.002 
4957.785*. . 4:4 BOS atc LO OOO A ————_ 
Mean,73: linesta aeons |nernne a rooeey Neer a oon 
* Blend. 


A comprehensive view of the results of the discussion based 
upon the behavior of 372 iron lines for which the measurements of 
the relative sun-arc displacements are of sufficient weight to furnish 
conclusions of value, and of which 142 have close companions, may 
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be had from Table VI, where the deviations from the mean are 
accounted favorable to the anomalous-dispersion hypothesis when 


TABLE IV 


RELATIVE DISPLACEMENTS OF THE SOLAR AND Arc Lines or Iron, Groups cs AND d 
COMPANIONS TOWARD THE RED IN THE SOLAR SPECTRUM 


SECTION A. MEASUREMENTS OF WEIGHT 


| 
| 
nN is Ratio Sun east r Int. Ratio Sun 
omp. to ep. | minus recht Comp. to | Sep. | minus | Albrecht 
Rowland The (Nee Rowland Line Ae 
4I0I.421... 3:2 .419 |-+o.002 |........ 5125 .300.. 1:3 123 |—o.o1r |—0.002 
4I09.215... I:3 SSQA ft NOUS alk beenae 5139.427.. 4:4 217 |— .002 |+ .006 
4158.950... Sas 5304! | — 007 Whawicm: 5273-330... PA) 219 |— .004 |-+ .004 
4I0I.505...| 3:6 eNS. P= O68 Jeo ns sAar 5283 .802.. 1:6 KAVO: = 1008. eens 
4196.372...| 2:4 1327 | 9 2000 |e oe oe 5470.778.. 553 -345 |— .004 |+ .o1s 
4225.619... re3 CARS et SC OOS i ubreee eras 5573-075.. 1:6 253.4\ = .O03 |i ewe 
4230.272.... 1:8 TAP is 003 hve Sees 5662.744.. fe ALE |=" 2600 lareaaccore 
4859.928... 30:4 ROO) | sO0dH ete 5709.601.. Rae E74 2 OOF AI noeceae 
4910.108... 253 SOFT =— TODS. Wis eieacte ok 5952.943.. I:4 FAAS) ler OL On| leeemnrieters 
4938.907... 2:4 -419 |— .005 |+0.005 || 6246.535.. 2:8 2230) |=: (O06, leone 
4957-480... 8:5 -305 |— .008 |+ .003 || 6400.217.. 2:8 321 |—o.007 |+0.001 
4982.682... 2:4 .312 |— .023 |4+ .o13 = 
4985 .432... ee -298 |— .007 |+ .0o9 || Mean, 25 lines....... 3320) ||—0.,0002| satire 
5005.806... 5:4 -410 |—0.005 |+0.002 || Standard displacement.|...... ©0063) naeine 
SECTION B. MEASUREMENTS WITHOUT WEIGHT 
4125.776... £3 -O74 CLOOS Ne aes 4707 .457.. 2:5 .21§5 |—0.009 |+0.006* 
4210.404... 3:4 .067 |+0.002 |+0.027 || 4727.582.. 2:3 -094 |+0.014 |-+0.003 
Mean, 40 linesas.a-seetei|ne rs cis Or OO2 al taretternaie 
* Blend. 


TABLE V 


RELATIVE DISPLACEMENTS OF SOLAR AND Arc LINES OF IRON, GROUP e 


COMPANIONS TOWARD VIOLET COMPANIONS TOWARD RED 
r Int. Ratio Sun my $% a Ratio 3 Sun pie 
Comp. to | Sep. | minus | Albrecht iomp. to ep. | minus recht 

Rowland Line ies Rowland Taine ee 
5195.647... 4:2 .534 |+0.007 |—0.001 5365.069.. 3:5 -§27 |+-0.018 0.000 
5370.106... z20 HBOk WE COED, Yosieainieee nis 5411I.124.. TAA) SOK: | 2OrG: lo oavewke 
504.357...» 2.5 -329 |-- .oI15 |— .o12 R403. 174... Bing -320 |+ .014 |-+ .009 
5463.404... 353 .320 |+ .o18 |— .002 | 5598.524.. 4:4 .187 |+ .016 |+ .008 
5930.400... 2:6 BOS: [-) -OOG) lawn eae 6078.710.. 2¢5 -517 |+0.014 |—0.002 

6020.401... 2:4 .169 |+0.004 |—0.008 
Yo ts Pee ROO ee ©8374 |--O.OETO|.....3.. Mieattiaivaa unease are 337 Est OROLSOle. aman 
Standard: displacement aerersyacieterailayaelaeyate s cbereiele\ Vein si niece +o.0142 A 


they show that the displacements of the red and violet components 
of close solar pairs are respectively greater and less than the mean 
for all lines of the group, as should be the case if mutual influence 
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were superposing upon the general displacement a measurable 
shift of the red and violet components of close pairs to the red and 
violet, respectively. In sign the mean result is unfavorable to the 
anomalous-dispersion hypothesis, but in magnitude it is practically 
zero, being 0.0003 A. On the assumption that the Albrecht 
deviations are real shifts, the displacements of lines with violet 
companions should exceed those of lines with red companions by 
o.010-0.012 A. They are, however, within the limits of error, 


identical. 
TABLE VI 


Résumé oF BEARING oF SuN-ARcC DISPLACEMENTS ON MUTUAL INFLUENCE 


i SUMMATION OF DEVIATIONS 

No. oF LINES Grove | Companton| SUN MS | Noma eee 
Favorable | Unfavorable 
5 Oeeraeia vonetarers a,b,c4 | ToViolet| +0.0036 | +0.0038 |.......... —0.01I2 
BO Ma annamowee a, b, c4 Red | + .0038 | + .0038 OV OCOO! TNL era wees 
0) bes PERSO RSD cs Violet) 51.0052) — 005 0n| serrata — 0042 
DETER Una lntestole c5, da Reds |=) 0002) ("== 7 0003 a\o7 eee — 1.0025 
Ora waicr eae: e Violetii-- 0 10))|i-- O14 2m nomen tere —OLO2 
i aes oro e ed 9i\"-|-Ol 05500 e-|-OnOlA2 alae rrr —0.0070 

142 
Mean deviation unfavorable to mutual influence............... —o0.0003A 


The data for the lines in the second sections of Tables I, II, III, 
and IV are given in order to make the presentation of the Mount 
Wilson observations complete. Because of the recognized sources 
of possible error, they have not been considered in the discussion; 
their inclusion, however, would tend to increase the foregoing 
unfavorable deviation from the mean. Of these rejected lines the 
17 used by Albrecht are more fully considered in the fourth division 
of this contribution. ~ 

The evidence of equality between the displacements of lines 
with companions to the violet and red, respectively, given by these 
142 lines for which the conditions are favorable to the evoking of 
mutual influence, is clear and positive. It seems, therefore, a justi- 
fiable conclusion from this equality that mutual repulsion does not 
occur to a measurable amount, and that some other explanation 
applies to the Albrecht deviations from the mean. 
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Il. RELATIVE SEPARATION IN SOLAR AND ARC SPECTRA 


Mutual influence appearing as a quasi-repulsion requires that 
the difference in wave-length between a line and a closely adjacent 
companion be greater in the solar spectrum than when determined 
in terrestrial sources. If the interpretation adopted by Albrecht 
for his observations be the correct one, the separation in the solar 
spectrum, when the mean distance between the components is 
0.22 A, should exceed that in terrestrial sources by 0.012 A, a 
quantity easily within the range of measurement. The measure- 
ments considered in this section were made upon separate plates 
for the sun and arc. The solar measurements, being more difficult 
than the corresponding ones for the arc, have been made upon plates 
of higher dispersion, with a scale sufficient to yield reliable results 
for the particular combination of intensity and spacing.t The 
conditions for the sun-arc measurements and for the determinations 
of separation considered in this section are so different, that it seems 
hardly probable that personal equation enters in the same manner 
or to the same degree in both, or that different observers would 
obtain concordant results, as they do, if personal equation intro- 
duced appreciable systematic errors. Four measurers have worked 
upon the sun-arc plates, and two of these have made the major 
part of the determinations recorded in Table VII, which form the 
subject-matter of this section. 

For the 45 pairs the mean difference between the separations 
in the solar and arc spectra is zero within the limit of precision. 
According to the theory of mutual influence, the repulsion should 
be the more marked, the closer the adjacent lines. Of the pairs 
in Table VII, 13 have separations under 0.2 A, the mean being 
0.148 A. For these pairs the mean separation in the solar spec- 
trum is less by o.oo15 A than in terrestrial sources; for the remain- 
ing 32 pairs with a mean separation of 0.349 A, it is greater by 
0.0003 A. In both cases the mean separations in sun and arc 
are practically identical. 

The mean difference in separation without regard to sign, 
0.003 A, and individual differences are larger, however, than one 

*St. John and Ware, Mt. Wilson Contr., No. 120; Astrophysical Journal, 44, 
I5, 1916. 
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would expect from accidental errors of measurement. The follow- 
ing considerations show that these large differences are systematic 
in sign and probably real. Three things appear distinctly in 
the Mount Wilson sun-arc observations:* (1) in groups a and b 
strong lines are displaced more than weak; (2) lines of groups 


TABLE VII 


COMPARATIVE SEPARATION IN SOLAR AND ARC SPECTRA 


INTENSITY, INTENSITY, 
ELEMENT, | SEPARATION CaN ELEMENT, | SEPARATION Con 
rN OR GROUP pau x or GROUP minus 
ROWLAND aN we ROWLAND we 
Vis ave Sunes aCATGC Vv R Sun Arc 
3647.561 4 | 12 .422 | .415 | +0.007 4489.911..| Fe | Mn .340 | .340 0.000 
3707 .959 5 5 -105 | .102 | + .003 4654.672..| a d -£20) | .132 | “— 012 
3711 .364 Vfl We} .184 | .184 .000 4938.907..| 4 2 -423 | .426 | — .003 
3722 .071. 3 2 .I02 | .100 | + .002 4939.416..| d a -449 | .442 | -+-..007 
3735-014. Ont Ara E45 Onan AOOn m= COX 4085.432..| 3 3 -296 | .2904 | + .002 
3743.508. Fe | Ti .108 | .106 | + .002 5005 .896 4 5 -406 | .405 | + .oor 
ByAS TET. pa Pe) -337 | -340 | — .003 5079.158.. e 5 248 | .245 | + .003 
3748.408...| I0] 1 .227 | «228. | — .oof 5107.619..] 4 4 -I9I | .193 | — .002 
4000. 403... 2)\\\ 2 .204 | .200 | + .004 5139.427..]| 4 4 .211 | .212 | — .oor 
4058.915 Fe | Mn} .170] .173 | — .003 S145. 222) e d .185 | .190 | — .005 
4063.43 4 | 20 -314 | .310 | + .004 5169.069..} 3 4 £29) || A¥20 000 
4067.139 Saas -291 | .2906 | — .005 5208.596..| Cr | Fe -169 | .170 | — .oor 
4079.996 Byles -370 | .370 .000 5227.043..| 3 5 .322 | .323 | — .oo1 
4106.420 2 2 -171 | .168 | + .003 Ty RACE NO gi 2 -215 | .214 | -- .0o8 
4136.678 4:16 -475 | .474 | + .0oo1 5305 .069.. e a -527}| .533.|) = 2000 
ATA. 5723.4. 4 | 15 -452 | .450 | + .002 5404.028..| 4 e -319 | .303 | + .o16 
4154.667... 4| 4 .308 | .310 | — .002 5446.797..| Ti] Fe -332:| -334 | = 2002 
4IQL.50S:.- O183 .240 | .240 . 000 §403-174::)) 3 a -319 | .316 | + .003 
4226.904...| Ca] 4 701 | .710 | — .009 5455.671.. e a -156 | .162 | — .006 
4315.138 Eis | Hens! eIE5.0| ees .000 5476.500..| @ d .280 | .284 | — .004 
4427.266 Ti) Fe, | t21g\\\e2t5) | —-sco2 6136.829..| 8 3 -373 | .373 .000 
4430.356... = 3 -425 | .422 | + .003 6400. 217 8 2 -310 | .31I | —0.0or 
4454.552...| Fe | Ca | .399 | .390 0.000 
45 lines, mean separation.............. Sacco ats 0.291 A 
17 lines, sum of positive differences. . . . + .064 
20 lines, sum of negative differences. -. — .070 
8 lines, zero difference.............. an .000 
Mean: ANtSun ANCA rerio ee is cer ee —o.0002 A 


c5 and d are displaced to the violet; (3) lines of group e 
show the maximum displacement to the red. If, therefore, the 
components of a pair differ greatly in intensity or belong to 
different groups, whether the separation in the solar spectrum 
is greater or less than in the arc depends upon the configuration 
of the pair, provided the behavior of lines with closely adjacent 
companions is similar to that of free-standing lines. For example, 
the pair at \ 4939, with components d and a, should be wider 


* Mt. Wilson Contr., No. 93, p. 35; Astrophysical Journal, 41, 63, 1915. 
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apart in the sun, while the pair at \ 4654, with components a and d, 
should be closer in the sun than in the arc, as the observations 
show. Taking as a lower limit a 50 per cent difference in intensity 
and considering the characteristic behavior of the groups, one can 
predict the relative separation in solar and arc spectra for 23 
pairs as shown in Table VIII. The homogeneity of the two classes 
seems conclusive evidence that lines with close companions con- 
form to the behavior of isolated lines of the same group and that 
their relative position in the solar spectrum is, therefore, not 
determined by mutual influence. 


TABLE VIII 


CLASSIFICATION OF SOLAR SEPARATIONS BASED UPON THE NORMAL BEHAVIOR OF 
ISOLATED LINES 


PREDICTED SEPARATION, SOLAR > ARC PREDICTED SEPARATION, SOLAR < ARC 
| 
Intensity Intensity 
A or Group Sep. Sun A or Group | Sep. Sun 
Rowland Sep. minus Rowland Sep. minus 
Sep. Arc Sep. Arc 
Vv R Vv R 

S647. 560. ss -422 4 x2 +0.007 B7Bbi Ol Ares cere -459 40 4 —0.001 
4063.436.. 314 4 20 | + .004 5d Sar] Dieter -337 8 | 6 — .003 
4136.678.. -475 4 6 + .0oo1 3748.408...... 227 Io I — .oo1 
MEAS ST Bok apie .452 4 an + .002 4007 930. osx. 291 5 3 — .005 
BAGOSRO 2s... +425 I 3 + .003 ALOU. SOS esse 240 6 3 .000 
AGO. 416 2. -449 d a + .007 4226.904...... 7oOI 20 4 — .009 
Ey h carey ecietee AEP? 3 5 — .oor BOSAL O72 nina 120 a d — .012 
BAOAL O28) ones 3190 a e +0.016 AQSoLOO Tae ee -423 4 2 — .003 
SOTO. TRS. 4 asa .248 € b + .003 
ECA: iets oo v0 BT Wosve tt eater isc +0.005 AJ} 5148.222...... .185 e d — .005 
5365 ,.000 5 175» Say e a — .006 
SASS OTT srarar .156 e a — .006 
$470), SOO. sc . 280 a d — .004 
0136. S203 4026, 1373 8 3 .000 
6400/2379. 5.2cn0 310 8 2 —0.001 

(Mean necsuccn bia Biel | rere iaspescns ere —o0.0035A 


EVES 


THE SYSTEMATIC DEVIATIONS OF ALBRECHT 


Dr. Albrecht plotted the differences between the Rowland and 


the ‘‘corrected”’ International wave-lengths of the iron lines 
against wave-lengths as abscissae,’ and found that the values for 
lines with violet and red companions were, respectively, above 
and below the curve, requiring, when the average distance between 
the lines and their companions was o. 22 A, corrections of —o.005 
and +0.007 A to reduce them to the mean. He saw no reason 


t Astrophysical Journal, 44, 14, 1916. 
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for considering these systematic deviations to be due to the réle 
played by personal equation in the measurement of close pairs. 
He regarded them, therefore, as evidence of anomalous dispersion 
in the sun. 

As the extensive Mount Wilson data for sun-arc displacements 
and for the comparative separations of the components of close 
pairs in solar and terrestrial spectra indicate, within the limits 
of precision, a total absence of mutual influence, it seems neces- 
sary to conclude either that the Mount Wilson data, though de- 
pending upon concordant results from several observers and 
methods, are affected by a personal equation introducing systematic 
errors just balancing the effects of mutual influence, or that the 
Rowland wave-lengths for lines in close pairs, depending upon a 
single observer, are systematically in error. A slight over-spacing 
of such pairs, displacing the components in opposite directions, 
would introduce an effect of the sign required by the theory. An 
investigation of the accuracy obtainable in the measurement of 
close solar pairs and of possible errors in the Rowland table has 
lately been carried out at this Observatory.t For the 30 pairs 
composed of lines of intensities 3 and 4 which formed the basis of 
the investigation, the Rowland separations are larger than those 
found at Mount Wilson; the sign of the Rowland errors is such as 
would explain the Albrecht deviations as errors in the Rowland 
tables. For separations of 0.274, 0.145, and 0.075 A the errors 
are +0.003, +0.005, and +0.013 A, respectively, a march of 
magnitude with proximity of components similar to that observed 
by Albrecht. 

The investigation showed that spectrograms of the finest defini- 
tion yield the lowest values for the separation of the components 
of doublets near the limit of resolution, that whatever decreases the 
intensity of the common region relatively to that of the continuous 
spectrum produces a tendency on the part of the measurer toward 
increased separation. 

Professor Aitken finds in measures upon close double stars 
with 12- and 36-inch telescopes the same tendency toward over- 

*St. John and Ware, Mt. Wilson Contr., No. 120; Astrophysical Journal, 44, re 
1916. 
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separation with increased overlap of the stellar images, as appears 
in measures of incompletely resolved solar pairs. I am under 
obligation to him for the following data: 


SEPARATIONS OF DOUBLE STARS 


Under 170 Between 10 and 2%0 

r2-Inch minus 36-Inch 12-Inch minus 36-Inch 
$3 plus residuals... 00:2... +2747 Touplus residualsiae. ane +0785 
MINUS, |e te isch etl —0.45 ES METALIVUS ou ey or eae —1.46 
2 zero eRe ce Rie tee 0.00 4 zero eA eee 0.00 
42 Pe +2.02 32 SOF oe oieteighant ate = OROE 
Mean SEAR ok eee +o.05 Mean Ee ek —0.02 


Concerning these data, Professor Aitken says: 


The theoretical resolving power of the 12-inch is 0739, hence, taking dis- 
torted images into account, due to bad seeing, pairs with angular separations 
less than 170 would have little space between the two images and the closer 
pairs would usually be in contact, or would overlap. For pairs over 1%0 and 
certainly for pairs over 1725, there would always be clear space between the 
images on any night I would use for work. I think the tabulation shows that 
there is a systematic tendency to overmeasure small distances with the 12-inch 
telescope—assuming that the 36-inch measures are exact—a tendency which 
disappears with distances of 1’ or more. The small negative residual (12- 
inch— 36-inch) for the larger distances is obviously of a more accidental char- 
acter than the positive residual for the smaller distances, since we have 18 
minus and ro plus signs in the one case against 33 plus and 7 minus signs in the 
other. ‘This result is in harmony with many other similar comparisons I have 
made both of my own measures and of measures by different observers at 
about the same epoch with telescopes of different apertures. 


These results point to an explanation of the systematic devia- 
tions observed by Albrecht, based upon errors in the Rowland 
wave-lengths for lines in close pairs. An extensive investigation of 
all the cases occurring in Albrecht’s tables was undertaken. From 
experience gained in obtaining the data in Contribution No. 120, 
it has been possible to take advantage of the best available condi- 
tions for observations upon such difficult objects as close solar 
pairs. The wave-lengths of the solar lines used by Albrecht have 
been referred to those of the neighboring free-standing lines. All 
measurements have been made by two observers upon spectrograms 
of a scale and dispersion that experience has shown to be the most 

417 


14 CHARLES E. ST. JOHN 


reliable in each particular case. In every instance the data depend 
upon three or more concordant plates. 

From the characteristic behavior of the Fe lines in the arc, it is 
evident that conclusions drawn from the differences between the 
Rowland and International wave-lengths must carry the maximum 
weight when based upon the stable lines of groups a, 0, and ¢4. 
In the discussion of the Albrecht deviations, these lines, therefore, 
are considered separately from the unstable lines of groups c5, d, 
and e, for which the errors in the International wave-lengths are 
known to be systematic in sign and relatively large. According 
to the theory the effect of mutual influence increases with decreasing 
separation of the reacting solar lines; at the same time, however, 
the difficulties of measurement become increasingly great. As 
the evidence in such cases is relatively of great importance, pairs 
for which the separation from the companion is less than 0.1 A are 
given separate consideration. The discussion of the two series 
of data follows under heads, A, B, C, and D. 

A. Groups a, b, and c4.—The general result from Table IX is 
that for 88 lines the sum of the Albrecht deviations is 0.377 A, and 
that of the counterbalancing Rowland errors is 0.351 A, a mean 
unbalanced deviation of 0.0003 A. The data, however, vary in 
reliability. For the 54 lines of greater weight, groups a, 6, and c4 
in Part I, the sum of Albrecht deviations is 0.226 A, that of the 
Rowland errors, 0.255 A. That the Albrecht deviations and the 
Rowland errors are mutually explanatory appears clearly from 
the parallelism between them. In Table X the largest Albrecht 
deviations are in the first column and the smallest in the third, the 
Rowland errors for the same lines being in the second and fourth 
columns of the two parts of the table. For the 27 lines showing the 
smallest Albrecht deviations the mean mutual influence is zero, 
and the Rowland error correspondingly small. If the larger 
deviations are due to mutual influence, a lack of parallelism should 
be conspicuous for them, but here the correspondence is particularly 
close. Among the 27 lines with the largest deviations, discrepancies 
are pronounced for \ 5195 and A 5476 indicated by ‘‘ ?”’ in the table. 
These lines have companions to the red for which, on the hypothesis 
of mutual influence, large displacements are characteristic. Their 

418 


FRAUNHOFER LINES AND ANOMALOUS DISPERSION 15 


TABLE IX 


Tue ALBRECHT SYSTEMATIC DEVIATIONS AND ERRORS IN THE ROWLAND TABLE 


PART I. LINES OF GROUPS a, b, AND C4. SECTION A. COMPANION TO VIOLET 


a Al i 
Rowland Con nolo AAR MLW Mt.W.—R,) Albrecht Remarks 
3647. 4:12 0.427 .980 —o.002 | +0.002 
3680. a: 9 .248 062 — .007 | — .007 
3737- 5:30 222 280 — .oor | + .003 
3746. 8: 6 341 .054 — .004 | — .008 
3748.65 EOwe 242 .646 — .004 | — .008 
3887. 3:7 254 - 1908 + .002 .000 
3888. 2508 III .663 — .008 | — .008 
3805. 35. 9 220 .805 + .002 .000 
3960. 6:10 .527 410 — .003 | — .004 | Comp. in shade of A 3968 
4132. 2:10 AS 222 — .013 | — .o12 
4134. Boas 251 .836 — .oo4 | + .006 
4144. 4:15 -466 .029 — .009 | — .005 
4147. aA -334 . 831 — .005 | + .002 
4Igl. 6:3 .248 .839 — .004 | + .003 
4201. a. 2 354 .625 — .005 | + .007 
4308. 508 174 .065 — .o16 | — .006 
4315. Brier 124 252 — .o10 | — .007 
4427. 2° 5s 216 -476 — .006 .000 
AS3E.< 2: § 204 -326 — .oor | — .002 
4550. coer | - 243 309 Ste O03) sia OO2 
4502. 2:4 bEs3 .831 — .009 | — .o10 
4787. aris .270 .904 — .009 | — .o12 
4789. 2: 3 321 .840 — .009 | — .o12 
4939.868..... 2:3 -452 867 — .oor | — .002 
5028.308..... Ee 2 -360 310 + .002 .000 
RGAE H25E So, - 3: 4 .186 250 — .005 | — .002 
5041.0936..... 2 I41I -943 ={-5007 1-008 
5079.409..... tS 251 402 — .007 | — .006 
5098.885..... 3 134 .876 — .009 | — .005 
5507 .823..... 4: 4 204 820 — .003 | — .004 | Quality excellent in sun and 
arc 
5167.678..... iss .181 .669 — .009 | — .o16 | Very difficult* 
$299 .362....1. : Coo 3190 -355 — .007 | — .003 : 
527O0.559.--+- Zo. A 120 541 — .o17 | — .026 | Very difficult 
R275 5S5G.—.0 0 35 2 219 -555 — .003 | — .o14 
CEE ai ote ss eles Es 4 240 .088 — .oor | + .005 
BOR. FOO. Sens -527 -593 — .003 | + .003 
5447 .130..... 2: 6 £333 125 — .005 | + .003 
5455.834..... aye .163 810 = 024: | — 007 
6IQr.770..... 6: 9 0.386 oT7s —0.004 | —0.004 
DV eass 750 ATES = oc als oe scale vais\ eleiercvavers vaste Srcio/ajsvs —0.0054| —0.0039 
SECTION B. COMPANION TO RED 
BIGS TOS sie 45 2:0 O.141 714 +0.006 | +0.007 
BBR OLA Gs: 32 4:40 -471 O13 — .oor | + .004 
B7AS 50S nse: 2: 6 .118 Sir + .007 | + .006 
3534. S04 ic. 4:10 .142 Phe | + .013 | + .009 
4337.20.22... 34) 1g .500 216 o00 | + .002 
AARADRE2 on SS -401 553 ar dele |) SP cles 
ALOE SIS ek Be WA 347 824 + .006 | + .008 
4489.QII..... sad 342 gio = sO | ae slew! 
AO7O027 0 © 2216 382 029 + .002 | + .005 : ’ 
5107 .610..... Aas 204 .627 + .008 | + .008 Quality excellent in sun and 
RTOSTEIS secs. < 2: 4 -534 113 .o00 | + .006 | Arc A depends on unstable 
standards 
5208.506..... 2: 5 180 -508 + .002 | + .003 
28.230 .640% 2: -279 .235 — .001 | — .007 : 3 
See re Barn .278 .406 — .004 | + .o1t | Weak line o.11 to violet 
vitiates measures 
GrZOrS20us.. Bano 0.381 835 +0.006 | +0.004 
IN Ronee ast Whi E}) Ahn ore ee OP OL OURO GOee +0.0029| ++o.0049 


ee a A ee ee 
* Astrophysical Journal, 44, 21 and 30, 1916. 
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TABLE IX—Continued 


PART II, LINES OF GROUPS ¢€5 AND d. SECTIO 


N A, COMPANION TO VIOLET 


A Int. Ratio EN 
Rowland) |Canpibe Line AAR. Mt.w Mt.W.—R.| Albrecht Remarks 

4227.606..... 20:4 0.702 . 596 —0.010 | —0.004 
A233 7726 oe 4:6 444 -769 — .003 | + .002 
4872.332..... I:4 220 -329 — .003 | — .006 
AOS 7 7 OSU wre 5:8 305 .785 000 | — .004 
4085).730.... zich 298 .729 — .oot | + .003 
5006.306..... 4:5 410 -303 — .003 | — .002 
5139.6044..... 4:4 217 , .642 — .002 | + .002 
5§208.770..... 5:2 180 -766 — .o10 | — .006 
5603.186..... Bix 103 .178 — .008 | — .orI 
SOLS STF cent 2:6 357 .870 — .007 | — .004 
5050.052...-. I:4 ©.200 .042 —0,010 | —0.003 
Mean rr ines oxciiia/ncierveveisistalsyrete otas) orerettrs —0.0052| —0.0030 

——————— EE 
SECTION B. COMPANION TO RED 
AIOT. 50S. -0 « 3:6 0.248 -598 +0.003 | +0.o011 
4037 O8Sen ass 4:5 -508 .685 .000 | + .004 
ATOTAST eet 2:5 .215 -459 + .0o0o2 | + .006 
4038.007....- 2:4 -419 -996 — .0or | + .005 
4957.480..... 8:5 -305 .481 + .oor | + .003 
4082.682..... 2:4 2352 .682 000 | + .013 
4085 .432..... 253 .298 -433 + .oo1 | + .009 
5005.806.... 5:4 «410 .898 + .002 | + .002 
Oi eidgsterernaius rele 4123 . 296 — .004 | — .002 
8130.427..-- 4:4 LaEy -431 + .004 | + .006 
$273. 330-000 5 2:3 .219 -343 + .004 | + .004 
5470.778..... 5:3 -345 +775 = COS a OLS 
6400. 217..... 2:8 0.321 221 +o.004 | +0.001 
(Means linesiiisird ce tretncis tical: sraeyantcneieets +0.o010] +0.0059 

PART UI. LINES OF GROUP é. SECTION A. COMPANION TO VIOLET 

5195.647..... 4:2 0.534 -644 —0.003 | —0.0oor 
ISAOA S57 cones Bak 329 344 — .013 | — .o12 
5463.404..... Bcc) 320 .488 — .006 | — .002 
5504.884..... 4:1 193 882 — .002 | + .009 
6020.401..... 2:4 0.169 -391 —0.010 | —0.008 
Means linesint cr mrntacrannmeonatie neers —0.0068} —0.0028 
SECTION B. COMPANION TO RED 
5365 .069..... | B25 0.527 .068 —0.001 0.000 
5463.174..... 3:3 320 .169 — .005 | + .009 
5508.524..... ane 187 -525 + .oot | + .008 
6008 .186..... 6:4 599 186 -000 | + .or2 
6078.710..... 2:5 0.517 707 —0.003 | —0.002 
Mean isilinesieace net cataeales teak eens —0.0016|] +0.0054 


significance in this case is, however, open to question, for \ 51095, 
intensity 4, is 0.534 A from its companion of intensity 2, and 
A 5476, intensity 1, stands between two lines, a weaker one, 0.113 A 
to the violet, a stronger one, 0.278 A to the red. The arc wave- 
length of X 5195 is derived from unstable standards of group d, 
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and is subject to the errors attaching to them. Of the arc wave- 
length of \ 5476 St. John and Ware remark, “Near diffuse line 
d 5476.587. Separation difficult.” Notes upon the observing 
records for its solar wave-length indicate that the measurements 
are influenced by the weak violet companion which, even on plates 
of high dispersion, is contiguous to the violet edge and tends to 
produce a fictitious shift to the violet. 


TABLE X 


CORRESPONDENCE BETWEEN ALBRECHT DEVIATIONS AND ROWLAND Errors BASED 
uPpON LINES OF GROUPS a, b, AND ¢4 IN TABLE IX 


CoMPANION TO VIOLET CoMPANION TO RED 

20 Largest Deviations | 19 Smallest Deviations 7 Largest Deviations 8 Smallest Deviations 

AMt.W. AMt.W. AMt.W. AMt.W. 
Albrecht MinGeNR. Albrecht Hy ONY Albrecht PHO RS Albrecht Mie Re 
—0.007 —0.007 +o0.002 —0.002 +0.007 +o.006 +0.004 —0.001 
— .008 — .004 + .003 — .oor 006 + .007 + .002 000 
— .008 — .004 .000 + .002 + .009 + .o13 + .003 + .oo1 
— .008 — .008 .000 + .002 + .008 + .006 + .004 — .oor 
— .004 — .003 + .006 — .004 + .008 + .008 + .005 + .002 
— .012 — .013 + .002 — .005 + .006? 000? + .003 + .002 
— .005 — .009 + .003 — .004 +o.o11? —0.004? — .007 — .0oor 
— .006 — .o16 + .007 mae ROOM A, Ne sivas obo cini f denote Reena aie +0.004 +0.006 
— .007 — .oI10 .000 — .006 
— .o10 — .009 — .002 — .oo1 
— .o12 — .009 + .002 + .003 
— .012 — .009 — .002 — .oor 
— .006 — .co7 .000 + .002 
— .005 — .009 — .002 — .005 
— .004 — .003 + .oor + .007 
— .o16 — .009 + .003 — .007 
— .026 — .o17 + .005 — .oor 
— .o14 — .003 — .003 — .003 
— .007 — .024 +0.003 —0.005 
—0.004 OOK “i islere ie:obio ois! ielate as vievee lors 

SUMS AND MEANS 
—o.181 —0.177 +0.028 —0.034 |+0.055 +0.036 +0.018 +0,008 
—0.0090 —0.0088 +0.0015 —o0.0018 |+0.0079 (7)}++0.0051 (7)| --o.0022 +0.0010 
+0.0076 (5)}-+0.0080 (5) 


B. Groups cs, d, and e.—As to the 34 lines of the unstable 
groups cs, d, and e, the situation is so complicated that an attempt 
to follow its intricacies would be profitless. Four considerations 
are involved: (1) The systematic errors in the Rowland values 
tending to account for the deviations found by Albrecht. The 
average error is 0.003 A, somewhat smaller than for lines of groups 


I Mt. Wilson Contr., No. 61, p. 28; Astrophysical Journal, 36, 41, 1912. 
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a, b, and c4. Such a difference is consistent with the relative 
appearance of the lines in arc and solar spectra, for the lines of 
groups cs, d, and e, diffuse, unsymmetrical, and difficult to measure 
in the arc, are, in general, the sharpest and most accurately measur- 
able in the solar spectrum. (2) The undetermined systematic 
errors in the International wave-lengths of these lines, positive for 
groups c5, and d, negative for group e. In recognition of these 
errors standard conditions for the arc were adopted at the Bonn 
meeting of the International Solar Union and redeterminations of 
the iron standards have been undertaken in various laboratories. 
Preliminary results at this Observatory indicate that the errors 
are systematic and of the sign expected. (3) The systematic 
errors in the data for pressure-shift. At the time of publication 
of the pressure data, the sensitiveness of these lines to varying arc 
conditions had not been recognized and the needed precautions 
against pole-effect were not taken. Recent observations under 
standard arc conditions give 0.008 A per atmosphere for groups 
c5 and d instead of the 0.022 A previously published. For the 
lines of group e the later result is +-0.002 A per atmosphere instead 
of the negative value —o.016 A.t (4) Albrecht’s effort to make 
the International and Rowland wave-lengths homogeneous by 
“correcting” the International values to a pressure of half an at- 
mosphere. That this operation still left systematic differences 
appears in Table XI based upon data from Albrecht’s Table I. 
For reasons given later and because the points fall so far from the 
curve that they have had little if any influence on its course, \ 4204, 
d 4210, and 5371 have not been taken into account. 

A reference-curve based upon AX’ for all lines is on the average 
too high for the lines of groups cs and d, whose proportional repre- 
sentation is small. This tends to increase their deviations to the 
violet and to decrease those to the red. Such a tendency shows 
in Part II of Table IX, where the mean deviation to the violet 
is 0.006 A, that to the red 0.003 A, while the Rowland errors 
are o.oo1 and 0.005 A, respectively. A lowering of the curve by 
0.004 A would bring the deviations and errors into practical agree- 
ment. As a systematic effect of this order is indicated by the 

* Mt. Wilson Contr., No. 106, p. 16; Astrophysical Journal, 42, 231, 1915. 
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negative residuals in Table XI, curves have been drawn for the 
lines of groups cs and d alone, using AX and AX from Albrecht’s 
Table I as ordinates. THe mean displacement for the same lines 
of these groups with companions to the red, deduced from either 
curve, is 0.002 A instead of 0.006 A, a result in close agreement 
with the corresponding Rowland error of 0.001, while the mean for 
the lines with companions to the violet remains practically un- 
changed. This systematic effect, introduced by referring the 
lines of groups cs5 and d to a curve based largely upon lines of other 


TABLE XI 


SYSTEMATIC VARIATION FROM HOMOGENEITY In A) 


Region Group AA oe on mn ; 
qzoc-4300 0% "7 | 182 | EBS | to.cor 
5000-5 100 ene ee ee Fe 
Stoo te | ss | cise | OO 
parse gt li| ape s|) ae |p oo 
ee a eel B= c.cce 
eos cae pee 2 aes —0.004 


groups, is apparently of a sign and magnitude to account for the 
inequality of the displacements for lines with red and violet com- 
panions, which Albrecht considered the principal objection to an 
explanation based upon personality in the Rowland measures." 

C. Lines less than 0.1 A from companion.—Of the 104 lines 
considered by Albrecht, the remaining 16 are separated from the 
companion line by less than o.1 A. The data relative to these 
very close pairs are given in Table XII. The wide range in the 
deviations, +0.048 to —o.0o2 A for the 6 lines with companions 


t Astrophysical Journal, 41, 355, 1915. 
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TABLE XII 
Lines Less THAN 0.1 A FROM COMPANION 
PART I. COMPANION TO VIOLET 
» Element x ‘nus | Albrecht Remarks 
Rowland Int. and Class 4aR Mt.W pists 4 
ihe | Bee CINTA poet ah weererete A cieesl| eee pite ce cor akal lege sazerecuey Am lean atetatenS 

692 TON emia ars GOGO | eee vcrcra lor seneetoretey> |e Creuereeeteds : 

se OY er Jel WO demise —0.01 —o.o14 | Resolved only with best defi- 

fan A cat Li 2 nition, Fe line a blend 

with titanium 

4204.204 a rae bik 1 Oe Ae bal bet cnet kot Pee cee on ie eeu ey yl harnac pe icra 
Tn Bd roca! Knintna meee (opal y gail (waren eed [Me Ara iT od reer cence 
.301 SRO N DL | eh lhvacarnunmete 287 —0.014 | —0.005 
4407 .810 BOO VT ye erattyetereiveral| | bcote Bl ove uate Tereeetarerepecste! etre cteeeareee 
Stern ep ehh e cites hedace dere (Coos) BN ee ES Pore ae Ore ctr ecc 
.871 BeBe CAN litres: 878 +0.007 | +0.o11 
668.243 Dili ee Aetleretch tel ola cleve th PARI lable (atin velecalelltchatatatevers taual ll at@eyeeaeeeraes 
‘d SOTO HICK is ie tiows oo ereieiene (olacotsts ham [Pneumonia an atl MeciGriot tl leteticcmc « 
-331 Aran be as alco 322 —0.009 | —o.0oI0 
4727.582 BAN BE Cee ilies eicasin ate vita tticrece ork ercfestote a vals here uaa 

Fea Hele erection GHOOA lita ee aiailt save aoeeare loess ; 

-676 cb Mini BA Saacs cess 662 —0.014 | —0o.029 | In arc, Mn A 4727.476 Kil- 
by, .478 Janicki, .464 
Burns; Fe .408 Janicki, 
.410 Burns; blend .438 
Kayser, .434 Goos, 435 
“unreliable” St. John and 
Ware; weight o, Albrecht 

4878 .313 Be | Oa as Pls cece accel slareteceratecotel | eceserepevalotera: vere ntanercens 
Sa es aves [eineorreteete OVO" Nl C=. Ss serene |lacioormaes| mre 
-407 AEEMCE OCS aaa Wocpetstasss 406 —0.001 | —0.008 

5202.439 Diptera DESL’: Weil's cisresats otetei] ses, ctv atenscere|| lao sreterote evel terereta aerate 
OS ip | Rote LOO area OsO77! Were octal aanson niall merece 
-516 Atste| WO Own ial cre raateteretet 510 —0.006 | —0.006 

5371.656 B Neel ORR leew gui ty ace btegcderee ayeroheil en tate tepeverene | atte ete aeceneee 

SPST eahe oer egal Chebetatores Sets 0.078 SOO2 Alisctasnmenrabeveae sane 3 ; , 

-734 Bapere| WE CstON UN lf nacttorsis here meee ate —0.042 | —0o.042 | Misidentification by Row- 
land. Not a pair in solar 
spectrum but a single line 
due to Fe 

6147.950 | Bie sil Nis iceateceroictel|isterasecava avai] eetee feveiete rele Vartan REET RS 
ya ts Morph statis lacks ataleteta OXOGOS: Hae macteeo epee ue ws eee eee 

8.040 aoe fal Os Aa al Va eae AS .038 —0.002 | —0.005 

6254.382 TvAvesel Levesa ata ta genie ll srevenstpeverersi (aa cope ave coms il tokekate Reece bacet ee ee eree 
eect plisceerete he eta reer QiO7A ete secs toreco sce eave steieee 
-456 St ANW Es: Oi) vallsehimevetorant -470 +0.023 | +0.017 | Doubtful, Albrecht 

PART I COMPANION TO RED 

3907-547 AS IMEC, Dom al ateieeteter: -549 +0.002 | +0.001 
sedate UPL rere herent ave shes Co}ole} aul APRA Oi SEONG BGSiA Aa As coe 
.638 Diaiaur'| din rotates eta adfalp in bse supiscolf ea eresine eine Venere hce eee Lee eee 

4204.101 Set Cr Ode in lacetettee 106 +0.005 | +0.048 | Only incipiently separated 

PET cid tciantols (toe norcnr OL OO2™ iia acre soul Claseacesta Rell ORT from red companion by 

.163 Artec hie OS Ne aedaoparihenteelcee etree ae the highest resolving 
power used. Blend in 


solar spectrum. High dis- 
persion shows weak line 
contiguous to violet edge. 
Burns gives two lines in 
arc 4203.953, intensity 1, 
and .98s, intensity 3, of 
which the stronger alone 
was used by Albrecht. 
Both things contribute to 
the abnormal displace- 
ment to violet 


saa IIR rer aciecirearercreeeermrcceeeae eee SlaT UVS ee e 


424 


FRAUNHOFER LINES AND ANOMALOUS DISPERSION 21 


TABLE XII—Continued 


PART I (Continued). COMPANION TO RED 


= 
A Elem Mt.W. 
Rosland Int. = q Canes AAR Vee minus | Albrecht Remarks 
Rowland 
4210.404 Ry (ak er ge (i - 499 +0.005 | +0.027 | Resolution incipient. Blend 
Sits sail ete Cae ere OQ. O07 iin rarer want mith pataacomtareys in solar spectrum. With 
PS OL hte siaterel Regt cecal ckerae ns el meeeccrath ores | ane es cats] me are high dispersion a line con- 
tiguous to the violet edge 
is conspicuous .The 
measurements, being upon 
the blend of the two, give 
the apparent shift to the 
violet 
4476.185 Ae Sie. OU Mile wee we .182 —o0.003 | +0.008 | Resolution incipient. In the 
Sk Sich 8 ihe eet) | eee eater OROOS MM Merri ature pimeeernceve alciers Sermo arc, “Unreliable. Hazy 
.253 Rea | UA eee Acct teerc Mi ial Secu eehe arena lNaeee wwetreins on the red edge,’’ St. 
John and Ware; “Ur,’”’ 
Goos; ‘Not suitable for 
standard,”’ Janicki; “Close 
double in vacuum,’’ Bab- 
cock 
4727.582 Rise c5) am tsa! amet len cecpeesert - 584 +o0.002 | +0.003 
Sr It [en rece a rate O.OO4 wl haere hans sietereewiere-< ll arstmereetatats 
-676 Ba AAe MAIN 0% Wills alareces omeceigvaruave lecereeall tarsi otolare | Saeetereiens 
502.252 ype tl ht lm | (oe .250 —0.002 
BT Risse ceall sievevare stats O2083." I Aner n| Sections 
-335 Laie | ye eee ee Sem erase cil veveeee ions | aatecmnets 


to the red, and —o.o41 to +o0.017A for the ro lines with com- 
panions to the violet, indicates at once the low weight to be assigned 
to the data as evidence of mutual influence. Three pairs of lines, 
companions to the red, A 4204, A 4210, and A 4476, are at the limit 
of spectrographic resolution for lines of these intensities. The 
probable errors are therefore large.* The record of observations 
in the last column furnishes sufficient grounds for omitting them 
from a definitive discussion. The three other pairs with com- 
panions to the red are measurable with high precision and the con- 
ditions are apparently favorable to the appearance of mutual 
influence; the mean displacement to the violet, however, is minute, 
0.0007 A, and balanced by the Rowland errors. 

Of the 10 lines with companions to the violet, 4 are of doubtful 
or no weight in a definitive discussion; \ 3722 itself is a blend and 
is in a complex very difficult of resolution; the arc wave-length of 
d 4727 is uncertain; the indicated pair at \ 5371 is a single line; 
d 6254 is not separable from its companion upon a fourth-order 
spectrogram, upon which the head of the oxygen band at A 6276 
is completely resolved, a resolution not reached by the Rowland 

St. John and Ware, Mi. Wilson Contr., No. 120; Astrophysical Journal, 44, 15, 
1916. 
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plates for that region. The deviations for the remaining 6 lines 
are balanced by Rowland errors. 

The most favorable condition for the appearance of mutual 
influence is in the case of lines with companions at the closest 
distance consistent with precision of measurement, as the probabil- 
ity is then greatest that the affected lines are situated upon a steep 
portion of the “‘anomaly-curve”’ due to the adjacent line.‘ Ob- 
servations upon lines that, aside from closeness to a companion 
line, are free from known sources of error are consequently of crucial 
importance in their bearing upon the hypothesis of anomalous 


X 


TABLE XIII 


CoRRESPONDENCE BETWEEN ALBRECHT DEVIATIONS AND ROWLAND ERRORS FOR THE 
SMALLEST MEASURABLE SEPARATIONS, LINES FREE 
FROM EXTRANEOUS SOURCES OF ERROR 


COMPANION TO RED CoMPANION TO VIOLET 
AMt.W. AMt.W. 
A Rowland AA PandeRRe Albrecht | A Rowland AA pinie NRE Albrecht 
3907.547..- 0.085 +0o.002 +o.0o1 4294 .301.. 0.078 —0.014 —0.005 
4727.582... 0.084 +0o.002 +0.003 4407.871.. .068 + .007 + .oI1 
5OI2.252... 0.082 —0.002 —0.002 4068 .331.. .O77 — .009g — .o10 
4878.407.. .092 — .oor — .008 
Means..... 0.083 +0.0007 | +0.0007 A] 5202.516.. .077 — .006 — .006 
6148 .040.. °.099 —0.002 —0.005 
Means.... 0.082 —o0.0042 | —0.0038 A 


dispersion in the solar atmosphere, and failure here would indicate 
that, within the present attainable precision in measurement, 
anomalous dispersion does not systematically alter the relative 
positions of the Fraunhofer lines. Data for the 9 lines fulfilling 
these conditions are given in Table XIII. Their average separa- 
tion is 0.082 A; ratio of companion to line, 3.2:2.7; weight, 
according to Albrecht, 1.7. The displacement to the violet for 
the lines with companions to the red should be larger than the dis- 
placement to the red for lines with companions to the violet. The 
deviation to the violet is, however, vanishingly small, much less 
than that to the red, and both are balanced by the corresponding 
Rowland errors. 


t Astrophysical Journal, 43, 53, note, 1916. 
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D. Correlation—The correspondence between the Albrecht 
deviations and the Rowland errors appears distinctly in Tables X 
and XIII. A line-to-line eomparison for these 63 lines, to which a 
maximum of weight may be ascribed, shows a striking parallelism. 
A direct correspondence between the 104 Albrecht deviations and 
the Rowland errors for the same lines is shown to be a practical 
certainty by the large correlation coefficient +0.56 and its small 


probable error 0.05. 


The facts observed by Albrecht and the corresponding results 
for this investigation are strikingly complementary. 


ALBRECHT 

Fraunhofer lines as given in Row- 
land’s table are displaced when they 
have close companions. 

a) The displacement is to the violet 
when the adjacent line is to the red. 

b) The displacement is to the red 
when the adjacent line is to the violet. 

c) The displacement in (a) is 
greater than in (0). 


d) The displacement increases as 
the separation between the lines 
diminishes. 

e) The displacement is inappre- 
ciable for separation somewhat under 
0.7 A. 


St. JoHn 

Rowland wave-lengths of lines 
with close companions are systemati- 
cally in error. 

a’) The sign of the error is negative 
when the adjacent line is to the red. 

b’) The sign of the error is positive 
when the adjacent line is to the violet. 

c’) A systematic excess in the Al- 
brecht displacement to the violet 
for lines of groups c5 and d tends to 
make (a’) greater than (0’). 

d’) The Rowland error increases as 
the separation of the lines diminishes. 


e’) The Rowland errors cease to be 
systematic for separation somewhat 
under 0.5 A. 


There seems to be no explanation of the pari passu march of 
the Albrecht observations and those recorded in Section IV of 
this paper other than that they are two phases of the same 


phenomenon. 


Vv. ADJACENT LINES DUE TO DIFFERENT ELEMENTS 


Under the title, ‘‘Mutual Repulsion of Contiguous 


Lines,”’ 


Sir Joseph Larmor says: 


Thus very close spectrum lines ought to repel each other, to a degree that 


experience alone can reveal. 
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But this conclusion implies that the adjacent lines represent independent 
vibrations. If they are two components of a single compound vibration of the 
molecule, the argument is not applicable. 

If an iron line in the solar spectrum has a very close adjacent line due to 
another substance, while in the arc spectrum that substance is not present, then 
a displacement of the solar line relative to the arc line may be looked for.* 

If such a mutual repulsion is operative to a measurable degree 
in the solar atmosphere, the sun-arc displacements of the Fe lines 
should be greater for the red and less for the violet components 
of a pair when the adjacent line is due wholly or in part to another 
substance than when the influencing line is iron or weak and un- 
known.2 The most dependable results should be given by lines of 
groups a, b, and c4, both because of their stability in the arc and 
because of their greater number. For these 85 lines a residual 
of 0.002 A would have considerable weight. For the lines of 
groups cs, d, and e, the errors due to their sensitiveness to arc 
conditions are relatively large, and definite indications of character- 
istic behavior require correspondingly larger residuals for a like 
number of lines. The comparison between the displacements of 
72 Fe lines, Table XIV, under the influence of adjacent lines in 
which other substances are concerned with the 70 for which mutual 
influence is supposed to be smaller shows no differences greater than 
the limit of error. 

Among the 45 pairs in Table VII for which the separations were 
measured in solar and arc spectra are 8 close pairs of lines that fulfil 

t Observatory, 497, 103, 1916. 


2 NotEe.—According to Sir Joseph Larmor an increase of refractive power is accom- 
panied by a lowering of the aethereal elasticity which results in an increase of the 
free period and consequently a real displacement of the red component of a close solar 
pair toward longer wave-length. Similar considerations indicate a displacement of 
the violet component toward shorter wave-length. Such changes in vibration- 
frequency occur only when the anomalous refractive power is due to an adjacent line 
originating in an independent vibrating system, that is, in general, to a line of another 
element. The view of Professor Julius is that, owing to a mutual influence of two 
close Fraunhofer lines, the refractive power of the medium for the spectral region 
between them is decreased, less R- and V-light is anomalously refracted or scattered 
away from the observer on their opposed edges, and the centers of gravity of the dis- 
persion bands are consequently farther apart. As the mutual influence consists simply 
in the superposition of the anomalous refractive powers due to the two absorption 
lines, the displacements should be independent of the elements involved. Julius adds 
the proviso that the elements coexist in the mixture at the same levels. 
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the Larmor conditions, as the arc wave-lengths for the different 
elements were determined in separate arcs. For these 8 pairs, 
mean separation 0.23 A (‘Lable XV), there is no systematic differ- 
ence between the separations in the sun and in independent 


TABLE XIV 


Sun-Arc DISPLACEMENTS IN RELATION TO ORIGIN OF THE ADJACENT LINE 


| 
(x) (2) (3) (4) (5) (6) (7) 
Companion Group a et Sun-Arc he = Sun-Arc Remarks 
To violet..... a, b, c4 30 +0o.0040 26 +0.0031 | Favorable by 0.001 A 
HO ved. se. e a, b, c4 19 + .oo41 Io + .0031 | Unfavorable by 0.001 A é 
To violet..... cs, da Io — .0031 II — .0072 | Three abnormal values included 
9 — .0037 9 — .0047 | Three abnormal values omitted 

ROPOR as aca c5,d Io — .0066 1S — .0060 | Equal within limit of error 
To violet..... € I + .013 5 + .orr Equal within limit of error 
EGsTed ace ee € 2 +0.016 3 +0.015 Equal within limit of error 

(4) Adjacent line wholly or in part not iron. 

(6) Adjacent line iron or weak and unknown. 

TABLE XV 


SEPARATIONS IN THE SOLAR SPECTRUM COMPARED WITH SEPARA- 
TIONS DETERMINED FROM INDEPENDENT ARCS WHEN THE 
ADJACENT LINE Is Dur To ANOTHER ELEMENT 


‘ < SEPARATION Sep. SuN 
RowLAND LEMENTS a8 a S seigries a 
PES ANS Lae, Sic coo OF He, Ti . 108 . 106 -++0.002 
AOS Sis OLS ache tayaieran2 Fe, Mn 170) a7 — ~003 
ANG STEEeS BN a od ae eer Ei, He satis 05 .000 
BAe 200 serine = Ti, Fe Bae P25 — .002 
ASABE Soe sie apa Fe, Ca 399 - 399 . 000 
HU RKO OU Be e Bieiosa Be Fe, Mn .340 .340 . 000 
SOO NS OO meer eeuiene Cr, Fe . 169 .170 —yOOr 
BAAR O Vite nicer eke Be - 334 —0.002 

Nieanisn erie ier. toriletcion oeide 230 2a2 —0.0008 


terrestrial sources, and the absence of mutual repulsion is still 
shown by the 4 closer pairs, mean separation 0.14 A. It is evident 
that the effect is not within the present means of observation. 

In a recent number of the Astrophysical Journal’ Albrecht 
deduces the following unweighted results from the systematic 


tA strophysical Journal, 44, 1, 1916. 
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deviations between the Rowland and the “‘corrected”’ International 
wave-lengths for Fe lines with close companions: 


ComPANION NOT FE 


ComPANION FE 


Sum of Sum of 
Deviations Deviations 
20 lines, comp. to R. 0.008..... ©. 160 18 lines, comp. to R. 0.0055.... 0.099 
Zit kee Tie OL OOAT MEET OnLOs 2 aed eR N O08 casei 0.069 
Ore) etotalisummpre creer 0.353 aL. *% <totalisum: yess 0.108 
ME GanNoreciestlapercrarat nate ovelctecc 0.0055 Meanie. aki et sl eimaiee 0.0041 


and concludes that ‘‘this material reduction of the displacement for 
pairs in which both components are due to iron is distinctly in 
line with Larmor’s theory.” 

The data show an apparent Larmor effect of 0.0014 A. There 
are included, however, 3 lines whose evidence in a definitive dis- 
cussion is open to question, namely, \ 4204, \ 4210, and 2d 5371. 
The Albrecht deviations for them are 0.048, 0.027, and 0.042 A. 
These average 8 times the mean for the 102 lines. Aside from their 
extraordinary magnitudes, other grounds for assigning them a very 
low weight have been given in a previous section and are here 
briefly restated. 5371 is not in a solar pair with Cr but is a 
single line due to iron; \ 4204 and X 4210 are only partially resolved 
from their red companions even on excellent fifth-order spectro- 
grams; each has, moreover, a hitherto unnoted weak line con- 
tiguous to its violet edge; 4204 is double in the arc, the red 
component only was used in the comparison, and \ 4210 is subject 
to pole-effect. These conditions all combine to produce abnormal 
violet displacements. If these three lines are omitted, the indica- 
tion of a Larmor effect disappears, as the following tabulation 
shows: 


CoMPANION NOT FE CoMPANION FE 


Sum of Sum of 

Deviations = Deviations 
20—2=18 lines comp. to R..... 0.085 TOMines cOMpm COME eae 0.099 
4I—-I=40 “ SE ACA ni hae 0.151 Bey PSION eee 0.069 
5 Ones COtaliSum wate ©. 236 Abe ae total suman eee 0.168 

Micah, veorr ao aoe caer eee ©.0041 WMicanie amines ree ©.0041 


Other lines giving extraordinary values, namely, \ 3722, \ 5167, 
A 5270, and 6254, are practically in the same category as the 
three mentioned above. Their omission does not change the 
evidence against the Larmor effect. The inconsistency between 
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0.004 A given by the 99 lines and 0.039 A given by 3 lines 
is so pronounced that one seems compelled to choose between 
them. The straight meahs only are here considered, as the 
system of weighting used by Albrecht unfortunately assigns the 
greater weight to observations presenting the greater difficulties 
of execution. For example, a combined weight of 8 is assigned 
to these 3 questionable lines in obtaining his final result, the 
average weight of the 1o2 lines being 1.25, so that in the 
weighted mean their influence is more than doubled. 

Albrecht remarks further: 

As the displacement has not entirely disappeared for pairs in which both 
lines are due to iron, we must conclude that the components of these pairs 
represent only in part actual physical connection in the molecule, and in part 
entirely independent vibrations. 


It is implied that if the components are due to one compound 
vibration, that is, to a single element, and originate at the same 
level, no displacement would occur. This seems to be a relin- 
quishment of the Julius point of view upheld in the former paper 
and opposed to the assumption of Julius that mutual influence is 
operative only when the lines originate at the same level.? 


VI. PRESSURE IN THE SOLAR ATMOSPHERE 


The pressure of 0.5 atmosphere found by Albrecht for the solar 
atmosphere was based upon the pressure-shifts for the iron lines, 
published previously to the appearance of his paper. Contribution 
No. 106 from this Observatory, in which attention was called to 
the errors in the published data for groups c5, d, and e, due to pole- 
effect, was issued later. Using the old pressure-shifts of +o0.022 A 
for groups c5 and d, and —o.016 A for group e, Albrecht obtained 
results of which he says: 

. ... The correction of the wave-lengths in the International system to a 
pressure of o. 5 atmosphere has brought in toward the curve the lines which are 


strongly affected by pressure—namely, those of groups c, d, and e. Without 
the application of these corrections, the lines of groups ¢ and d are decidedly 


t Astrophysical Journal, 44, 8, 1916. 2 Tbid., 43, 49, 1916. 
3 St. John and Babcock, “A Study of the Pole-Effect in the Iron Arc,” Mt. Wilson 
Contr., No. 106; Astrophysical Journal, 42, 231, 1915. 
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below the curve, and those of group e are above the curve. This “drawing in” 
of the points toward the curve is gratifying, as it shows that the reduction of 
the wave-lengths in the International system to a pressure of o. 5 atmosphere 
has made them practically homogeneous with Rowland’s wave-lengths in the 
sun—except, of course, for the systematic differences between the two systems 
as represented by the curve.* 


A homogeneity attained by applying corrections based upon 
pressure data in which the errors are comparable to the original lack 
of homogeneity can hardly be regarded, in the light of fuller knowl- 
edge, as a justification of the method. That the practical homo- 
geneity is still affected by systematic deviations for the lines of 
groups c5 and d is apparent in Table XI, and the lack of homo- 
geneity, when the later pressure-shifts are used, is shown in Table 
XVI. Even an assumed pressure of zero fails to make them homo- 
geneous with the Rowland wave-lengths, but they become so at a 


TABLE XVI 


Non-HomocEneity or AN’ AT 0.5 ATMOSPHERE 


AA’ aT 0.5 ATM. 


REGION Group AA Ad’ aT 5 ATM. 
Old Pressure Later Pressure 
Observations Observations 


o ie Sener: Rane 0.182 0.184 0.184 0.198 
S702 2351 Ne Ais Eee na ©. 166 0.177 0.170 0.198 


e Hiawassee ka 0.208 0.210 0.210 0.224 
536575476 Neroagael Sree eee 0.217 ©. 209 0.218 0.225 


pressure of 5 atmospheres, a pressure in the solar atmosphere incon- 
sistent, however, with the long series of sun-arc observations with 
which comparison is made in Table XVII. The discrepancies 
between the observed and calculated displacements are so large 
that it is evident that a homogeneity depending upon a correction 
for pressure only does not rest upon a substantial basis. In fact, 
so many elements enter into the problems raised by the differences 
between solar and arc wave-lengths that it seems advisable to 
obtain a much wider range of sun-arc and other data before entering 
upon a definitive discussion of the question of pressure in the solar 


t Astrophysical Journal, 41, 351, 1915. - 
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atmosphere. Of four suggested explanations of the differences 
between solar and arc wave-lengths, (1) pressure, (2) motion in 
line of sight, (3) difference in the gravitational fields of the sun and 
earth, (4) anomalous dispersion, Albrecht considers only the first. 
The omission of the fourth, a fundamental deduction from the 
hypothesis according to Julius, is remarkable in a paper purporting 
to establish anomalous dispersion in the sun. 


TABLE XVII 


Sun-Arc DISPLACEMENTS INCONSISTENT WITH A PRESSURE OF 
5 ATMOSPHERES IN THE SUN 


— 


Group No. of Lines apres Observed O-C 
(CREAN I ae CP it +o.0o16 +0.004 —0.012 
c5 andd 125 +0.032 —o.006 —0.038 
Cem eein de erioe ies 34 +0.007 +0.014 +0.007 


The outstanding indications that appear to be established by 
solar observations are that no one cause furnishes a satisfactory 
explanation of the differences between the wave-lengths in solar 
and arc spectra, and that pressure, though intimately concerned, 
does not play the supremely predominant réle formerly attributed 
to it. A conclusion that the pressure in the solar atmosphere 
where the Fe lines originate is o. 5 atmosphere appears questionable 
when no account has been taken of variation with the solar inten- 
sity of the lines and other suggested effects. 

I wish to express my appreciation of the assistance in this 
long and exacting investigation rendered by Miss Ware, whose 
unflagging interest and conscientious work have made the investi- 
gation possible and greatly increased the weight of the observations. 


SUMMARY AND CONCLUSIONS 


1. The mean sun-arc displacements for 211 Fe lines of the 
stable groups a, b, and c4 is +0.0038 A; that for 56 lines with 
companions to the violet, mean separation 0.275 A, is +0.0036 A; 
that for 29 lines with companions to the red, mean separation 
0.320 A, is +0.0038 A. 
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2. The mean sun-arc displacement for 125 lines of groups c¢5 
and dis —o.0063 A; that for 25 lines in the same region with com- 
panions to the red is —o.0062 A. The mean displacement for 21 
lines with companions to the violet is —o.0052 A; that for all c5 
and d lines in the same region is —o.0050 A. 

3. The mean sun-arc displacement for 34 lines of group e is 
+o.0142 A; that for 5 lines with companions to the red and 6 with 
companions to the violet is -+-o.0156 and +0.o110 A, respectively. 

4. The mean separation in the solar spectrum for 45 pairs is, 
within the limits of error, identical with that in arc spectra. 

5. The behavior of lines with companions is like that of similar 
isolated lines. Whether the separation in the solar spectrum is 
greater or less than in arc spectra depends upon the configuration 
of the pair. For 8 pairs of the 45 it should be larger, for 15 smaller; 
it is respectively 0.005 A greater and 0.0035 A less than in arc 
spectra. 

6. For 54 lines of groups a, b, and c4, separation >o.1 A, the 
sum of the systematic displacements found by Albrecht is 0. 226 A, 
that of the counterbalancing errors in the Rowland wave-lengths 
is 0.255, A. 

7. For 34 lines of groups cs, d, and e, separation >o.1 A, the 
sum of the systematic displacements is 0.151 A; corrected for 
systematic error it is 0.099 A; that of the balancing errors is 
0.096 A. 

8. Of the 16 remaining lines, separation <o.1 A, 7 are without 
weight in a definitive discussion. The sum of the systematic dis- 
placements for the remaining g lines, separation from companions 
0.082 A, is 0.025 A; that of the balancing Rowland errors is 
0.027 A. 

g. The coefficient of correlation between the 104 displacements 
attributed by Albrecht to mutual influence and the 104 errors in 
Rowland wave-lengths found in this investigation is +0.56+0.05. 

to. The sun-arc displacements for iron lines are independent 
of the origin of closely adjacent lines. 

rr. The separations of iron lines from those due to another sub- 
stance are the same in solar and arc spectra. 
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12. From 102 lines Albrecht finds a small Larmor effect which 
disappears when 3 lines giving inconsistently large values are 
omitted. 4 

13. The later recognized systematic errors in the published data 
on pressure-shift invalidate conclusions based upon them. 

14. The correspondence between the errors in the Rowland 
wave-lengths of lines with close companions and the displacements 
noted by Albrecht is so complete that it appears a practical certainty 
that these displacements are another measurement of the errors. 

15. They therefore furnish no valid evidence that the relative 
positions of the Fraunhofer lines are systematically displaced by 
mutual influence. On the other hand, the sun-arc displacements 
(370 lines) and the relative separations of the components of 45 
close pairs in solar and arc spectra indicate that, within the limits of 
error, evidence of mutual influence is absent from the general solar 
spectrum and in so far as mutual influence is a necessary corollary 
of anomalous dispersion evidence for the existence of the latter is 
also absent. 


Mount WItson SOLAR OBSERVATORY 
August 1916 
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ERRATA 


Owing to a printer’s error and to the loss in transit of page-proofs sent by 
Professor Stérmer from Christiana, the following corrections are to be made in 
his article ‘Researches on Solar Vortices,”’ Mt. Wilson Contribution, No. 109. 


Page 2, second equation, for ¢ read do. 
6, delete 4th and sth lines from bottom. 
17, interchange legends of the two parts of Fig. 9. 


55, second line, the quantities between the inequality signs are two 
parts of a single expression. The comma should be replaced by 
a multiplication sign. 


55, delete last sentence of the second paragraph of Section XIV. 


END OF VOL. VI 
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